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EXECUTIVE SUMMARY

The Cameron Project has developed (1) a graphical programming environment to
compose existing Image Processing modules into Adaptive Computing Applications, (2)
a high-level programming language SA-C for writing new Image Processing routines.
The central component of these tools is an optimizing compiler for mapping SA-C Image
Processing programs to Adaptive Computing Processors. Our success lies in exploiting
data flow and data dependence analysis techniques developed in the compiler and
functional programming communities.

The approach taken by Cameron has two important advantages. First, IP developers can
develop their applications in a high level, algorithmic language and may choose which
optimizations they choose, but are not required to optimize circuits by hand. Second, the
approach is ACS platform independent, which allows easy retargeting of applications.

To demonstrate the breadth and utility of our software, we have implemented the Image
Processing portion of the VSIPL Library. Using this library and the Intel Image
Processing Library as a base, we then composed solutions to several real-world IP kernels
as well as two DoD relevant applications: the ARAGTAP pre-screener and the
CSU/RSTA probing algorithm. Using these applications we have demonstrated the
effectiveness of the high level programming language approach.
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1 INTRODUCTION

Field-programmable gate arrays (FPGAs) and other recon�gurable systems o�er a fundamentally
new model of computation in which programs are mapped directly onto o� the shelf (as opposed
to ASIC) hardware, thereby promising a tremendous speed-up over traditional computers. Part of
this speed-up comes from parallelism, while the rest comes from increased computational density.
The potential for parallelism is obvious; FPGAs are composed of thousands of logic blocks, and
with reprogrammable interconnections the degree of parallelism is limited only by the data de-
pendencies within the program and I/O limitations. Computational density is equally important,
however. Traditional processors implement a complex fetch-and-execute cycle that requires many
special purpose units. Only a small fraction of the hardware is dedicated to the computation being
performed. FPGA circuits, on the other hand, can be designed so that data ows through the
circuit without repeated storage and retrieval, and without wasting resources on unused circuitry.

FPGAs are typically programmed using hardware description languages such as VHDL. Appli-
cation programmers are typically not trained in these hardware description languages and usually
prefer a higher level, algorithmic programming language to express their applications. The Cameron
project has made a signi�cant contribution in shifting the programming paradigm of adaptive and
recon�gurable systems from hardware centered to software centered. Cameron's software paradigm
is based on visual and high-level language programming in order to make adaptive computing
accessible to software engineers and portable across platforms.

The Cameron software environment lets image processing experts compose programs for adap-
tive computing systems. We have designed and implemented (1) a graphical visual programming
language based on Khoros, that allows programmers to compose existing image processing modules
into ACS applications, and (2) a high-level programming language: SA-C (single assignment C)
for writing new image processing routines. The central component of both of these tools is (3)
an optimizing compiler for mapping image processing programs to ACS processors. Our key to
success lies in exploiting data ow and date dependence analysis techniques originally developed
in the compiler community and further re�ned by the parallel computing and functional program-
ming communities. Data ow analysis has long been recognized as an extremely powerful tool for
mapping computation onto parallel hardware. We have taken this observation one step further:
data ow analysis is ideally suited to mapping high-level algorithms to statically and dynamically
recon�gurable gate-level hardware.

The approach taken by the Cameron project has two important advantages. First, it is fully
automatic; IP developers may choose which optimizations to use, but they are not required to
optimize circuits by hand. Few IP experts are also experts in logic design. Second, the approach
is ACS platform independent. It has been designed based on general data-ow principles that
can be applied to any number of ACS systems. To demonstate the breadth and utility of our
software environment, we have implemented the image processing portion of the Vector, Signal,
and Image Processing Library (VSIPL). Using this library and the Intel Image Processing Library
as a base, we then composed solutions for several real-world IP kernels as well as for two DoD
relevant applications: the ARAGTAP pre-screener and CSU Reconnaissance, Surveillance, and
Target Acquisition (RSTA) probing algorithm. Using these applications we have demonstrated the

1



e�ectiveness of the compiler optimization and the success of the high level programming language
approach.

2 Deliverables

The Cameron project has delivered all it promised, and more. This section contains each deliv-
erable from the project proposal with a reference to the document(s) describing it. We also present
extra work done.

[1] SA-C language de�nition and extensions. See Appendix A: SA-C Language.

[2] De�nition, syntax and semantics of the Data Dependency and Control Flow Graph (DDCF
graph). See Appendix B: The SA-C Compiler Data Dependence and Control Flow (DDCF).

[3] SA-C to Khoros Pro (TM) compilation which extends the visual programming interface gener-
ating SA-C programs. See Appendix O: Khoral Report.

[4] SA-C to DDCF graph compiler. See Appendix C: The SA-C Compiler.

[5] SA-C to C compiler. See Appendix C: The SA-C Compiler.

[6] De�nition, syntax and semantics of the extended Data Flow Graph (DFG) and Abstract Hard-
ware Architecture (AHA) graph forms. See Appendix D: Dataow Graph Description and Appendix

E: The SA-C Compiler Abstract Hardware Description.

[7] DDCF graph to DFG and AHA translator. See Appendix E: The SA-C Compiler Abstract

Hardware Description.

[8] DDCF graph to DDCF graph machine independent program optimizations. See Appendix G: A
High-Level, Algorithmic Programming Language and Compiler for recon�gurable Systems.

[9] ACS platform speci�c program optimizations based on the extended DDCF graphs (low level
optimizations. See Appendix G:An Automated process for compiling dataow graphs into recon�g-

urable hardware, and Appendix I: Mapping a Single Assignment Programming Language to Recon-

�gurable Systems.

[10] DDCF graph to VHDL compiler for routines that execute on the FPGA array. Includes
complete documentation and extensive examples. See Appendix F: Dataow Graph to VHDL

Translation.

[11] DDCF graph to ACS platform program loader. The loader generates a host-based sequencing
order of pre-compiled and ACS platform optimized library routines. See Appendix C: The SA-C

Compiler.
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[12] VSIPL Image Processing libraries in SA-C integrated with the Khoros Pro (TM) based visual
programming environment. SA-C source code for all VSIPL IP routines is available on our website.
Due to the lack of a competitive implementgation of VSIPL available during the course of this
project, especially an implementation optimized for the Pentium MMX architecture, we shifted our
focus to the highly optimized Intel Image Processing Library (IPL). See Appendix J: Accellerated

Image Processing on FPGAs and the Cameron webpage http://www.cs.colostate.edu/cameron/

[13] Machine optimized ACS executables of the VSIPL IP libraries for at least one ACS platform.
See Appendix J: Accellerated Image Processing on FPGAs

[14] Comprehensive system evaluation based on/ medium to large scale IP applications: Canny,
Wavelet, Prewitt. See Appendix J: Accellerated Image Processing on FPGAs, Appendix K: One-

step Compilation of Image Processing Applications tp FPGAs, Appendix L: Precision vs. Error in

JPEG Image Compression.

[15] Porting of an application already developed for adaptive computing to a large-scale ACS:
Probing. See Appendix M: Compiling ATR Probing Codes for Execution on FPGA hardware.

Extra work:

[16] An elaborate website on Cameron with SA-C, Dataow, Image-Processing applications and
their FPGA performance is available [2]. Journal papers [23, 6, 9], conference papers [22, 17, 1, 20,
18, 19, 24, 11, 16, 3, 10, 15, 5, 4], technical reports [25, 7, 12, 13, 14, 21, 8] are also available on
this site.

[17] SA-C to Morphosys compilation. See Appendix N: UCR Final Report.

[18] FPGA space estimation of SA-C operators. See Appendix N: UCR Final Report.

3 Technical Description

The design goals of SA-C are to have a language that can express image processing applications
elegantly, and to allow seamless compilation to recon�gurable hardware. Variables in SA-C are
associated with wires, not with memory locations. SA-C is a single-assignment side e�ect free
language; each variable's declaration occurs together with the expression de�ning its value. This
avoids pointer and von Neumann memory model complications and allows for better compiler anal-
ysis and translation to DFGs. The IP applications that have been coded in SA-C transform images
to images and are easily expressed using single assignment. Data types in SA-C include signed and
unsigned integers and �xed point numbers, with user-speci�ed bit widths. SA-C has multidimen-
sional rectangular arrays whose extents can be determined either dynamically or statically.

The most important aspect of SA-C is its treatment of for loops and their close interaction with
arrays. SA-C is expression oriented, so every construct including a loop returns one or more values.
A loop has three parts: one or more generators, a loop body and one or more return values. The
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generators provide parallel array access operators that are concise and easy for the compiler to
analyze. There are four kinds of loop generators: scalar , array-element , array-slice and window .
The scalar generator produces a linear sequence of scalar values, similar to Fortran's do loop. The
array-element generator extracts scalar values from a source array, one per iteration. The array-slice
generator extracts lower dimensional sub-arrays (e.g. vectors out of a matrix). Finally, window
generators allow rectangular sub-arrays to be extracted from a source array. All possible sub-arrays
of the speci�ed size are produced, one per iteration. Generators can be combined through dot and
cross products. The dot product runs the generators in lock step, whereas cross products produce
all combinations of components from the generators.

Loop carried values are allowed in SA-C using the keyword next instead of a type speci�er in a
loop body. This indicates that an initial value is available outside the loop, and that each iteration
can use the current value to compute a next value.

Concluding, SA-C loops provide a simple and concise way of processing arrays in regular patterns,
often making it unnecessary to create nested loops to handle multi-dimensional arrays or to refer
explicitly to the array's extents or the loop's index variables. They make compiler analysis of array
access patterns signi�cantly easier than in C or Fortran, where the compiler must analyze index
expressions in loop nests and infer array access patterns from these expressions. In SA-C, the index
generators and the array references have been uni�ed; the compiler can reliably infer the patterns
of array access.

3.1 Compiler structure

DFG to
AHA

SA-C
Codegen

SA-C
Compiler

DFG
Simulator

VHDL Macro
Library

AHA
Simulator

Synplify

Xilinx M1

Host RCS

executable

C-code
host

AHA to
VHDL

gcc

Run-Time
Library

SA-C DDCF

VHDL

EDF

X86

AHADFG

SA-C Compilation system.

The SA-C compiler provides one-step compilation to host executable and FPGA con�gurations.
After parsing and type checking, the SA-C compiler converts the program to a hierarchical data
dependence and control ow (DDCF) graph representation. DDCF graphs are used in many opti-
mizations, some general and some speci�c to SA-C and its target platform. After optimization, the
program is converted to a combination of dataow graphs (DFGs) and host code. DFGs are then
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compiled to VHDL code via Abstract Hardware Architecture (AHA) graphs. The VHDL code is
synthesized and place-and-routed to FPGAs by commercial software tools.

To aid in program development, it is possible to view and simulate intermediate forms. For
initial debugging the complete SA-C program can be executed on the host. All intermediate graph
forms can be viewed, and DFG and AHA graphs can be simulated. The SA-C compiler can run in
stand-alone mode, but it also has been integrated into the Khoros graphical software development
environment.

3.2 Compiler Optimizations

Data dependence analysis is performed on the DDCF graph, and conventional optimizations
are performed as DDCF-to-DDCF transformations, including Invariant Code Motion, Function
Inlining, Switch Constant Elimination, Constant Propagation and Folding, Algebraic Identities,
Dead Code Elimination and Common Subexpression Elimination. Another set of optimizations is
more speci�c to the single assignment nature of SA-C and to the target hardware. Many of these
are controlled by user pragmas.

3.2.1 Optimizations speci�c to SA-C

Many IP operators involve �xed size and often constant convolution masks. A Size Inference

pass propagates information about constant size loops and arrays through the dependence graph.
This pass is vitally important in this compiler, since it exploits the close association between arrays
and loops in the SA-C language. Source array size information can propagate through a loop to its
result arrays (downward ow), and result array size information can be used to infer the sizes of
source arrays (upward ow). In addition, since the language requires that the generators in a dot
product have identical shapes, size information from one generator can be used to infer sizes in the
others (sideways ow).

E�ective size inference allows other optimizations to take place. Examples are Full Loop Un-
rolling and array elimination. Full Unrolling of loops is discussed next. Array elimination can occur
in two contexts described below. In Array Value Propagation, when the array is �xed size and all
references to elements have �xed indices, the array is broken up into its elements, i.e. storage is
avoided and elements are represented as scalar values. In Loop Carried Array Elimination the array
is again replaced by individual elements, but here the values are carried from one iteration to the
next.
Full Unrolling of loops with small, compile time assessable numbers of iterations can be

important when generating code for FPGAs, because it spreads the iterations in code space rather
than in time. Small loops occur frequently as inner loops in IP codes, for example in convolutions
with �xed size masks.
Array Value Propagation searches for array references with constant indices, and replaces

such references with the values of the array elements. When the value is a compile time constant,
this enables constant propagation. As will be shown in the Prewitt example, this optimization may
remove entire user de�ned (or compiler generated) arrays. When all references to the array have
constant indices, the array is eliminated completely.
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Loop Carried Array Elimination The most e�cient representation of arrays in loop bodies
is to have their values reside in registers. This eliminates the need for array allocation in memory
and array references causing delays. This requires that the array size be statically known. The
important case is that of a loop carried array that changes values but not size during each iteration.
To allocate a �xed number of registers for these arrays two requirements need to be met. 1) The
compiler must be able to infer the size of the initial array computed outside the loop. 2) Given this
size, the compiler must be able to infer that the next array value inside the loop is of the same size.

To infer sizes, the compiler clones the DDCF graph representing the loop, and speculates that
the size of the array is as given by its context. It then performs analysis and tranformations
based on this assumption. There are three possible outcomes of this process. If the size of the
next array cannot be inferred, the optimization fails. If the size of the next array can be inferred,
but is di�erent from the initial size, it is shown that the array changes size dynamically, and the
optimization fails again, but now for stronger reasons. If the size of the next array is equal to the
initial size, the sizes of the arrays in all iterations have been proven, by induction, to be equal and
the transformation is allowed, the important transformation being array elimination. This form of
speculative optimization requires the suppression of global side e�ects, such as error messages.
N-dimensional Stripmining extends the more conventional stripmining optimization and cre-

ates an intermediate loop with �xed bounds. The inner loop can be fully unrolled with respect to
the newly created intermediate loop. The performance of many systems today, both conventional
and specialized, is often limited by the time required to move data to the processing units. Fu-
sion of producer-consumer loops is often helpful, since it reduces data tra�c and may eliminate
intermediate data structures.

Common Subexpression Elimination (CSE) is an old and well known compiler optimization that
eliminates redundancies by looking for identical subexpressions that compute the same value. The
redundancies are removed by keeping just one of the subexpressions and using its result for all
the computations that need it. This could be called \spatial CSE" since it looks for common
subexpressions within a block of code. The SA-C compiler performs conventional spatial CSE,
but it also performs Temporal CSE, looking for values computed in one loop iteration that were
already computed in previous loop iterations. In such cases, the redundant computation can be
eliminated by holding such values in registers so that they are available later and need not be
recomputed.

A useful phenomenon often occurs with Temporal CSE: one or more columns in the left part
of the window are unreferenced, making it possible to eliminate those columns. Narrowing the
window lessens the FPGA space required to store the window's values. Another optimization that
sets the stage for window narrowing moves the computation of expressions fed by window elements
into earlier iterations by moving the window references rightward, and uses a register delay chain
to move the result to the correct iteration. This can remove references to left columns of the
window, and allows window narrowing. This optimization trades window space for register delay
chain space. Hence, whether this optimization actually provides a gain depends on the individual
computation. We call this Window Compaction.
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3.2.2 Code generation and low level optimizations

Some (combinations of) operators can be ine�cient to implement directly in hardware. The evalu-
ation of the whole expression can be replaced by an access to a Lookup Table, which the compiler
creates by wrapping a loop around the expression, recursively compiling and executing the loop,
and reading the results.

Dataow Graphs (DFGs) are translated into a lower level form called Abstract Hardware Ar-
chitecture (AHA). This is also a graph form, but with nodes that are more �ne-grained than DFG
nodes and that can be translated to simple VHDL components. AHA graphs have clocked, semi-
clocked and non-clocked nodes. The clocked and semi-clocked nodes have internal state but only
the clocked nodes participate in the handshaking needed to synchronize computations and memory
accesses. Some clocked nodes communicate via an arbitrator with a local memory. An AHA graph
is organized as a sequence of sections, each with a top and a bottom boundary. A section boundary
consists of clocked nodes, whereas its internal nodes are non-clocked or semi-clocked. In the AHA
model, a section �res when all clocked nodes at its top boundary can produce new values and all
clocked nodes at its bottom boundary can consume new values. This contrasts with DFGs, where
each node independently determines when it can �re.

Some low-level optimizations take place in this stage. A Bitwidth Narrowing phase is per-
formed just before AHA graphs are generated. Dead code elimination and graph simpli�cation
sweeps are applied on the AHA graph. A Pipelining phase uses node propagation delay estimates
to compute the delay for each AHA section, and adds layers of pipeline registers in sections that
have large propagation delays. The maximum number of pipeline stages added to the AHA graph
is user controlled. Reducing propagation delays is important because it increases clock frequency.

AHA graph simulation allows the user (or, more likely, the compiler or system developer) to
verify program behavior. The AHA simulator strictly mimics the hardware behavior with respect
to clock cycles and signals traveling over wires. This removes the need for time consuming VHDL
simulation and hardware level debugging. AHA-to-VHDL translation is straightforward; AHA
nodes translate to VHDL components, which are connected according to the AHA edges.

3.3 Applications

The SA-C language and compiler allow FPGAs to be programmed in the same way as other
processors. Programs are written in a high-level language, and can be compiled, debugged, and
executed from a local workstation. It so happens that for SA-C programs, the host executable
o�-loads the processing of loops onto an FPGA, but this is invisible. SA-C therefore makes recon-
�gurable processors accessible to applications programmers with no hardware expertise.

The empirical question from the applications perspective is whether image processing tasks run
faster on FPGAs than on conventional general-purpose hardware, in particular Pentiums. The
tests conducted in the context of this project suggest that in general, the answer is yes. Simple
image operators are faster on recon�gurable processors because of their greater capabilities for I/O
between the FPGA and local memory, although this speed-up is modest (a factor of ten or less).
More complex tasks result in larger speed-ups, up to a factor of 800 in one test, by exploiting
the parallelism within FPGAs and the strengths of an optimizing compiler. The recon�gurable
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processor used in our tests is an Annapolis Microsystems WildStar with 3 Xilinx XV-2000E FPGAs
and 12 local memories. Our conventional processor is a Pentium III running at 800 MHz. The
chips in both processors are of a similar age and were the �rst of their respective classes fabricated
at 0.18 microns.

3.3.1 Simple Image Operators

As part of our initial pledge to re-implement the VSIPL Image Processing Library in SA-C and
our subsequent goal of re-implementing parts of the Intel IPL library for experimental comparison
purposes, we implemented a large number of simple image operators in SA-C. Probably the simplest
program we tested adds a scalar argument to every pixel in an image. (This matches a routine in
the Intel IPL.) For the WildStar, we wrote the function in SA-C and compiled it to a single FPGA.
We compared its performance to the matching routine from the Intel Image Processing Library
(IPL) running on the Pentium. In so doing, we compare the performance of compiled SA-C code
on an FPGA to hand-optimized (by Intel) Pentium assembly code. The WildStar outperformed
the Pentium by a factor of 8. (See Appendix J for a detailed table.)

Why is the WildStar faster? The clock rate of an FPGA is a function of the latency of the
programmed circuit, but in general FPGAs run at lower clock rates than Pentiums. For this
program, the WildStar ran at 51.7 MHz, compared to 800 MHz for the Pentium. Unfortunately
for the Pentium, however, memory response times have not kept up with processor speeds, and the
512x512 source image is too large to �t in its primary cache. As a result, the Pentium is not able
to read or write data at anything close to 800MHz, so its primary advantage is squandered.

FPGAs, on the other hand, are capable of parallel I/O. The WildStar gives the FPGAs 32-bit
I/O channels to each of four local memories, so the FPGA can both read and write 8 8-bit pixels
per cycle. This is four times the I/O bandwidth of the Pentium. Also, the operator's pixel-wise
access pattern is easily identi�ed by the SA-C compiler, which is able to optimize the I/O so that
the program reads and writes almost 8 pixels per cycle.

The FPGA outperforms the Pentium on the scalar addition task by slightly more than I/O
considerations alone would predict. This is because the SA-C compiler exploits both data and
pipeline parallelism. On every cycle, the FPGA (1) reads eight 8-bit pixels, (2) adds eight copies
of the scalar to the eight pixels read on the previous cycle (in parallel), and (3) writes back to
memory the sums of the scalar with the eight pixels read on the cycle before that.

This program represents one extreme in the FPGA vs. Pentium comparison. It is a simple,
pixel-based operation that fails to fully exploit the FPGA, since only 9% of the lookup tables (and
9% of ip-ops) were used. However, it demonstrates that FPGAs will outperform Pentiums on
simple image operators because of their parallel I/O capabilities. The exact amount of the speed-
up will depend on the number of local memories the FPGA has access to and the speeds of the
memories, but in general one expects a small speed-up of less than a factor of ten.

3.3.2 Floating Point Precision

The image processing applications mentioned above demonstrate the potential power of FPGAs,
but may avoid some of their weaknesses. In particular, the applications above all rely on integer
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mathematics. Current FPGAs are very adept at variable precision integer and �xed point math-
ematics, but are not well suited for oating point calculations. We therefore wanted to determine
if some of the classical, oating point algorithms from image and signal processing could be well
approximated on FPGAs using �xed point calculations.

More speci�cally, we investigated the relationship between error and bit-precision for the Discrete
Cosine Transform (DCT). (We also tested JPEG, an image compression standard that used DCT;
see Appendix L: Precision vs. Eror in JPEG compression). We implemented DCT in �xed point,
rather than oating point, arithmetic, and measured the increase in reconstruction error as the
precision of the �xed point values is decreased. Because DCT depends on the frequency components
of an image, we measure the precision/accuracy tradeo� for sets of real, arti�cial, and synthetic
images created with di�erent spectral components. Reconstruction error is measured in terms of
total gray-level error, RMS gray-level error, RMS signal-to-noise ratio, and peak signal-to-noise
ratio.

The data sets used to measure the relationship between precision and error in the DCT were
composed of natural, arti�cial and synthetic images. The natural and arti�cial images were collected
from the web. The arti�cial images are drawings extracted from Escher's work (�ve drawings). The
natural ones are: six animal images, one color palette, one image of a seed, one aerial image of
Fort Hood (TX), and one specular microscope image of cornea endothelial cells. All images were
clipped to 256 x 256 and when necessary converted to black and white. Because the DCT maps
between the spatial and frequency domains, we also tested synthetic images containing controlled
frequencies. We tested three Gaussian �lter images with di�erent variances, three noise images
(uniform, Gaussian and exponential noise), two impulse images with di�erent spacing between the
impulses, one sinusoid image, one image of a constant-intensity circle against a constant background,
and one image of two concentric rings.

To evaluate the e�ect of precision on the reconstruction error, we converted each image into
the frequency domain using the DCT, rounded the frequency values to the nearest integer, and
then converted them back into the spatial domain using the inverse DCT. We then compared the
original images to the reconstructed versions. We repeated this process for all 26 images and for all
combinations of the multiplication and summation types (i.e. precisions). The multiplication types
tested were: oat, �x32.30, �x28.26, �x26.22, �x18.16, �x17.15, �x16.14, �x15.13, �x14.12, �x12.10,
�x10.8, �x8.6, �x6.4, and �x4.2. (Remember that the cosine and � terms always require two bits to
the left of the binary point to represent their sign and integer magnitude.) The summation types
require 16 bits to the left of the binary point to represent their integer magnitude and sign, so the
summation types tested were: oat, �x32.16, �x28.12, �x24.8, �x22.6, �x20.4, �x18.2 and integer.
All 112 of these combinations were executed.

Appendix L shows the errors resulting from the DCT/IDCT reconstruction process. Restricting
the multiplication type to sixteen bits to the right of the binary point (with two bits to the left)
introduces a negligible amount of error, implying that 18 bits of precision are enough for these
terms. This is signi�cant, since hardware multipliers require more resources than adders. Unfortu-
nately, the DCT is more sensitive to the summation precision. Using �xed point precision for the
summation terms creates a signi�cant amount of error. This implies that in a strict implementation
of the DCT, the tree of additions must use oating point addition.
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Signi�cantly, these results were consistent across the images tested. Appendix L shows the results
of the total error for three more images. In general, the natural and arti�cial images had almost
indistinguishable error curves. A small number of synthetic images presented slightly di�erent
results. The most signi�cant di�erence was less error for some images where the background
dominates. This is expected, since most of the 8� 8 background windows are constant and equal
to zero in this case. Nevertheless, the shape of the curves remain the same.

In applications where a slight increase in error is tolerable for the DCT, faster circuits can still
be constructed. Using oating point computation as the best case, we computed the di�erence
between oating point arithmetic and combinations of �xed point precisions. This measures how
much error is added by each combination of precisions. Appendix L shows the average increase
in error for each pixel for all arti�cial and natural images. Although there is some error, it is
very small for most precision combinations. For example, if an average increased error of one gray
level or less is acceptable, a fractional precision of 12 bits for the multiplication type and 6 for
the summation type are enough. That means 14 bits (2+12) for the cosine and � variables and
22 (16+6) for the internal summation variables, a savings of 18 and 10 bits respectively over a 32
bit oating point representation. Moreover, �xed point arithmetic requires fewer logic blocks and
less time than oating point arithmetic does. The synthetic images have similar results, but the
increase in error was even smaller.

3.3.3 Complex Applications

In addition to simple image operators, we implemented a series of more complex applications in
SA-C on FPGAs. Among these applications were detectors, Prewitt and Canny edge detectors, the
Cohen-Daubechies-Feauveau wavelet (from the Honeywell benchmark suite), and the ARAGTAP
pre-screener. The most impressive results, however, were achieved in ATR probing. The goal of
probing is to �nd a target in a LADAR or IR image. A target (as seen from a particular viewpoint)
is represented by a set of probes, where a probe is a pair of pixels that straddle the silhouette of
the target. The idea is that the di�erence in values between the pixels in a probe should exceed
a threshold if there is a boundary between them. The match between a template and an image
location is measured by the percentage of probes that straddle image boundaries.

Probe sets must be evaluated at every window position in the image. What makes this application
complex is the number of probes. In our example there are approximately 35 probes per view, 81
views per target, and three targets. In total, the application de�nes 7,573 probes per window
position. Fortunately, many of these probes are redundant in either space or time, and the SA-C
optimizing compiler is able to reduce the problem to computing 400 unique probes (although the
summation trees remain complex). This is still too large to �t on one FPGA, so to avoid dynamic
recon�guration we distribute the task across all three FPGAs on the WildStar. When compiled
using VisualC++ for the Pentium, probing takes 65 seconds; the SA-C implementation on the
WildStar run in 0.08 seconds.

These times can be explained as follows. For the con�guration generated by the SA-C compiler
for the probing algorithm, the FPGAs run at 41.1 MHz. The program is completely memory IO
bound: every clock cycle each FPGA reads one 32 bit word, containing two 12 bit pixels. As there
are (512�13+1)�(1024)�13 pixel columns to be read, the FPGAs perform (512�13+1)�(1024)�
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(13=2) = 3; 328; 000 reads. At 41.1 MHz this takes 80.8 milliseconds.
The Pentium performs (512 � 13 + 1) � (1024 � 34 + 1) window accesses. Each of these window

accesses involves 7573 threshold operations. Hence the inner loop that performs one threshold
operation is executed (512� 13+1) � (1024� 34+1) � 7573 = 3; 752; 421; 500 times. The inner loop
body in C is:

for(j=0; j<sizes[i]; j++){

diff = ptr[set[i][j][2]*in_width+set[i][j][3]] -

ptr[set[i][j][0]*in_width+set[i][j][1]];

count += (diff>THRESH || diff<-THRESH);

}

where in width and THRESH are constants. The VC++ compiler infers that ALL the accesses to
the set array can be done by pointer increments, and generates an inner loop body of 16 instructions.
(This is, by the way, much better than the 22 instructions that the gcc compiler produces at
optimzation setting -O6.) The total number of instructions executed in the inner loop is therefore
3; 752; 421; 500 � 16 = 60; 038; 744; 000. If one instruction were executed per cycle, this would bring
the execution time to about 75 seconds. As the execution time of the whole program is 65 seconds,
the Pentium (a super scalar architecture) is actually executing more than one instruction per cycle!

4 Conclusion

The Cameron Project has created a language, called SA-C, for one-step compilation of image
processing applications that target FPGAs. Various optimizations, both conventional and novel,
have been implemented in the SA-C compiler.

The system has been used to implement routines from the Intel IPL, as well as more com-
prehensive applications, such as the ARAGTAP target acquisition prescreener. Compared to
Pentium III/MMX technology built at roughly the same time, the SA-C system running on an
Annapolis WildStar board with one Virtex 2000 FPGA has similar performance when it comes to
small IPL type operations, but shows speedups up to 75 when it comes to more complex opera-
tors such as Prewitt, Canny, Wavelet, and Dilate and Erode sequences. Performance evaluation of
the SA-C system has just begun. As performance issues become clearer, the system will be given
greater ability to evaluate various metrics including code space, memory use and time performance,
and to evaluate the tradeo�s between conventional functional code and lookup tables.

Currently, the VHDL generated from the AHA graphs ignores the structural information available
in the AHA graph. We will soon be investigating the use of Relatively Placed Macros (RPM) as
a method to make some of the structural information explicit to the synthesis tools. Providing
constraints to specify the placement of nodes relative to each other may prove to decrease synthesis
and place and route time.

Also, stream data structures are being added to the SA-C language, which will allow multi-
ple cooperating processes to be mapped onto FPGAs. This allows expression of streaming video
applications, and partitioning of a program over multiple chips.
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uint8 a = ...
uint8 b = ...
uint8 c = if (...) {

{
...
...

uint8 d = ...
uint8 a = ...
uint8 k = ...
} --> (...)

uint8 e = ...
uint8 f = ...
} --> (...);

uint8 g = ...
uint8 h = ...
uint8 a = ...
uint8 i = ...
uint8 j = ...
} --> (...);

else {
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V(~,:,~) in C step (a,_,b) at (uint8 i,_,uint8 k)

i kV

C ba

window W[a,b] in M at (uint8 i,uint8 j)

ND_WINDOW_GEN

jW i

baM

ND_SCALAR_GEN

a b c d e f

i j

uint8 i, uint8 j in [a~b,d~e] step (c,f)

ND_DOT_PROD

A B

a b

a in A  dot  b in B

1 1

A B

VA VB

ND_CROSS_PROD

VA(~,:) in A  cross  VB(:,~) in B

ND_SLICE_GEN (~,:,~)

ND_WINDOW_GEN ND_WINDOW_GEN

1 1 1 1 1 1 1 1

ND_SLICE_GEN (~,:) ND_SLICE_GEN (:,~)
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ND_CROSS_PROD

true

ND_REDUCE_SUM

ND_ADD

ND_CONSTRUCT_ARRAY

ND_DOT_PROD

ND_FORALL

ND_FORALL

1

1

M

for V(:,~) in M at (_, uint8 i)
return (array (array_sum (V)+i))

ND_SLICE_GEN (:,~)

ND_WINDOW_GEN

1
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ND_SCALAR_GEN

ND_ADD0 1

-1

ND_CROSS_PROD

ND_ADD

ND_NEXT

ND_FORSEQ

ND_CAST

0ND_FUNC

uint8 main (uint8 n) {
uint8 ac = 0;
uint8 res =

for uint8 i in [n] {
next ac = ac + i;
} return (final (ac));

} return (res);

(next)
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ND_GT

ND_WHILE_PRED

0

ND_SUB

1

ND_NEXT

ND_ADD

ND_NEXT

ND_WHILE(next) (next)
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�s� � �nR�����x�R t���   �v�x��4¡

�s� � �nR�����x�R ¢��n¡����0x��  uv�x��n¡

�s� � �nR�����x�R v � �  uv�x��n¡

�s� � �nR�����x�R ¡��  uv�x��n¡

�s� � �nR�����x�R  ;£ �  uv�x��n¡

�s� � �nR�����x�R  uvn¤  uv�x��n¡

�s� � �nR�����x�R  uR���£¥v �  uv�x��n¡

�s� � �nR�����x�R �� uR���£¥v �  uv�x��n¡

�s� � �nR�����x�R £¥ uR���£¥v �  uv�x��n¡
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ND_WINDOW_GEN

3 3 11

ND_CROSS_PROD

ND_DOT_PROD

ND_FORALL

ND_FORALL

ND_MUL

ND_REDUCE_SUM

true

ND_CONSTRUCT_ARRAY

for window W[3,3] in M {
uint8 v =

for w in W  dot  a in A
return (sum (w*a));

} return (array (v))

ND_WINDOW_GEN ND_WINDOW_GEN

1 1 11 1 1 11
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ND_CONSTRUCT_ARRAY

1 1

ND_DOT_PROD

true

ND_FORALL

ND_REDUCE_SUM

ND_ADD

ND_SUB

ND_REDUCE_MAX

true

1 1

ND_DOT_PROD

ND_REDUCE_MEDIAN

true

ND_FORALL

ND_WINDOW_GEN

1243

ND_CROSS_PROD

ND_FORALL

for window W[3,2] in A step (4,1)
at (uint8 i, uint8 j)

return (array (array_median (W)),
max (array_sum (W) + i − j))

ND_WINDOW_GEN ND_WINDOW_GEN

1 1 1 1

fhg
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1 1

ND_CROSS_PROD

ND_DOT_PROD

ND_MUL

ND_REDUCE_SUM

true

ND_FORALL

ND_CONSTRUCT_ARRAY

ND_FORALL
float[:,:]float[:,:]

float[:] float[:]

float

float

float

float

float

float[:,:]

for VA(~,:) in A  cross

float Ele =
for a in VA  dot  b in VB

return (sum (a*b));
} return (matrix (Ele))

VB(:,~) in B {

ND_SLICE_GEN (~,:) ND_SLICE_GEN (:,~)

ND_WINDOW_GEN ND_WINDOW_GEN

1 111

xzy
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ì�Í Ï�â ä Ú Ï^ò á�æ Ö Û Ï�Ó ä â ä ÓRîóÖ á�æ
ì�Í Ï�â ä Ú Ï Ù&Ú�Ý�à ä Ú Õ�â Ü�Ú Ó]Ö Û Ï�Ó ä â ä ÓRî ä Ú Ý�à ä Ú Õ�â Ü�Ú Ó
ì�Í Ï�â ä Ú ÏEô�Ï�â Ý�á�Û Ï�Ö�Ö Û Ï�Ó ä â ä ÓRî à Ï�â Ý�á�Û Ï�Ö
ì�Í Ï�â ä Ú ÏEõ�Ï�â�õ ä æ ÖEÖ Û Ï�Ó ä â ä ÓRîöÒ à�à Õ�Í Ï�â�Õ ä Ú â ß îñÍ ä æ Ö
ì�Í Ï�â ä Ú ÏEõ�Ï�â�ô�Ò Ú ÔTÖ Û Ï�Ó ä â ä ÓRîöÒ à�à Õ�Í Ï�â�Õ ä Ú â ß î à Ò Ú Ô
ì�Í Ï�â ä Ú ÏEô�Ò Ú ÔWÖ Û Ï�Ó ä â ä ÓRî à Ò Ú Ô
ì�Í Ï�â ä Ú ÏE÷�Ï�Ó�ò ä�ø ÏNÖ Û Ï�Ó ä â ä ÓRîðù Ï�Ó�Ö ä�ø Ï

Ý�á�Û Ï�Í Ï�âÂÖ Ý�à�Ü Ó ÝTã
õ Í�Ó�â�ê á�Û Ï Ú�ß Í Ï Ý�á�Û Ï�×
ú ß Ó�Ò Ý ä ß�ÚÂû�ß Ó³×
ä Ú�ÝVÚ�Ü�æ Õ ä Ú�Û�Ü Ý Ö³×
Ù&Ú�Û�Ü Ý�Þ�ß�à�Ý Ð ä Ú�Û�Ü Ý Ö³×
ä Ú�ÝVÚ�Ü�æ Õ ß�Ü Ý�Û�Ü Ý Ö³×
ë�Ü�Ý�Û�Ü Ý�Þ ß�à�Ý Ð ß�Ü Ý�Û�Ü Ý Ö³×
Ü�Ú ä ß�ÚZã

ä Ú�Ý ä Ú Õ Ú Ï�í Ý Õ ä Í7× å�ÐEâ ß�àNü õ�Õ ü Ì�ý�ê Ú�ß Í Ï�Ö^Ð�å
Ö Ý�à�Ü Ó ÝTã

ä Ú Ý ä ß Õ Ú�Ü�æ ×
ä Ú Ý]æ�á Õ�Î à Ò Û�é ×
Ø ä ß Õ ä Ú â ß × å�ÐEâ ß�àNü õ�Õ�þ�Õ Ù#ü�Þ�ÿ ê^Ò Ú Í ü õ�Õ�þ�Õ ë�ÿ ê Þ�ÿ ê Ú�ß Í Ï�Ö^Ð�å

Ó é Ò à Ð�Ö á�æ × å�ÐEâ ß�àNü õ�Õ������ ú�ú Ú�ß Í Ï�ÖNÐ�å
Ù&Ú�Ý�à ä Ú Ö ä Ó ä Ú Ý�à ä Ú Õ�â Ü�Ú Ó³× å�ÐEâ ß�àNü õ�Õ Ù#ü ê�ô Ù&ü ��� ú�ú Ú�ß Í�Ï�ÖNÐ�å
Ó é Ò à Ð à Ï�â Ý�á�Û Ï�Ö³× å�ÐEâ ß�àNü õ�Õ���ô�ô�����ô�Ì��^Ò Ú Í ü õ�Õ�ò�ú Ù ��Ì�Õ�þ�Ì ü]Ú�ß Í Ï�Ö^Ð�å
ä Ú�ÝVà Ò Ú Ô�× å�ÐEâ ß�àNü õ�Õ�ò���� ú���ô�Õ�þ�Ì ü Ú�ß Í�Ï�ÖNÐ�å
Ö Ý�à�Ü Ó ÝTã

ä Ú ÝNà Ò Ú Ô�×
ä Ú Ý Ð�Í ä æ Ö ×
Ø Ò à�à Õ�Í Ï�â�Õ ä Ú â ß × å�ÐEâ ß�àNü õ�Õ���ô�ô�Õ�õ�Ì�� Ú�ß Í Ï�ÖNÐ�å

Ö Ý�à�Ü Ó ÝTã
ä Ú Ý Ð æ�á Õ ä Ú�Û�Ü Ý Ö ×
ä Ú Ý Ð æ�á Õ ß�Ü Ý�Û�Ü Ý Ö³×
Ù\Ú Ý ú ä Ö Ý Ð æ�á Õ Ú�ß Í Ï�Ö³×
Ø Î�Õ ä Ú â ß × å�ÐEâ ß�à Ò Ú á Ó ß&æ�Û�ß�Ü�Ú ÍEÎ à Ò Û�éVÚ�ß Í ÏÂÐ�å

ä Ú�Ý ù Ï�Ó�Ö ä�ø Ï�× å�ÐEâ ß�àNü õ�Õ�ô�Ì�õ ÿ ��Ì�Õ�÷�� ú Õ���ê�Õ�ï�í�í�òEÐ�å
Ø Ö Û Ï�Ó ä â ä Ó³×

ä Ú�Ý Í ä æ Õ�Ö ä�ø Ï�Ö
	����× å�Ð Ý�ßEé�ß û ÍVÏ�í Ý Ï Ú Ý Ö ß â û�ß�ß�ÛNÚ�ß Í Ï�Ö^Ð�å
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e!j%[2X?h2YZk%©@u&vwj?Yze�c�e�\�Tse�ORYZy_l?Y�X%e�Y�T�O

ª u#¦}^�k?Y�«�^IQ�T�^2X
¬ u��l%O�j��PS�S![�c�¦�[2ORQNO
® u#¦}^2X%ORQN[2X`Q�¯�qGT�QNe!j
° uP¯�T��-Y)�SN^2U%[2h`[�QNT�^`X
± u���SNSN[�c�²�[2\�l?Y)FS�^`U%[Ih_[�Q�T�^2X
³ u#¦}^2X%ORQN[2X`QG§?^`\�k?T�X?h
´ uG�£knY�X_Q�T�Q�T�Y-O
µ uP¯_Q�SNY�X?h2Q�j�¶GY-k?l%e@QNT�^`X
· u�¥PYZ[2k�¦}^�k?Yz¸�\�T�V<T�X%[�QNT�^`X
ª-¹ uP¦�[IX?^`X?T~otc�«�[2e�S�^_O
ª2ª uP¦w¯n¸
ªZ¬ uG¸&��Q�Y-X`Q�¸F\�TsORT�^2X
ª-® uG¥Pl?UpY-k��ºX?U%lnQNO
ª ° uP¦}^2X%e-[�Q�«�[2O�m
ªZ± uw»¼T�X%k?^�q¾½P[2S�SN^�q

vwj?Y�otl?\�\�^`UnQ�T�V<T��Z[�Q�T�^2X�U%[IQ�j�T�OG[`O�ot^2\�\�^�q�O-¿

ª u�§?l?X%egQ�T�^2X��ºX?\�T�X%T�X?h�¤KORm�T�U?U?T�X?h�\�^�^`m_l%U�otl?Xfe@Q�T�^2XfON©
¬ u�À�^�^2m�l?U�vM[2a?\�Y-O
® u�§?l?X%egQ�T�^2X��ºX?\�T�X%T�X?h�¤7T�X?\�T�X?T�X%h�\�^�^2U%l?U�otl?X%e@QNT�^`X%O!©
° u�½�Yg��QNT~�%YZk���SNSN[�c�¯�T���Y)FS�^`Uf^`h`[�QNT�^`X
± u�v+Y-VWUp^2S![I\+¦w¯n¸
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VXWZY[Y]\	^1_5`S_ba>c�c"d _fe�g	hiY[j&jO\lkm^"jSnpo*_5W[a q�r a ^"jSYZY[_ts�jO^vu�jOa>`O_b^1c1_tswc1j6xws	xyc"xIz	jyV{qO^"xS\ d#|~}���c1d	WZ�v_�� xIn8\ YZ_
�1d jyV��b��n�r Y�c"W[\	Y[_l\ ^"xSqSnMxS�fn8x��;o-_�YZWZ�Ec1_ts���xIa	s�c1d _5W[^�jS^�s@_b^~s j>_t�fa jSc�nMxyc1c1_5^5|��	jS^�x�\	xI^�xIn8_�c"_b^"W[�5_5s
\ ^�xIqOn8x	��c"d _ia@��s W[n8_ba*�EWZjSa	xSY/\	xS^"xSn8_�c1_5^vW����1\-_5u�W[�	_ts�W[a�\	xI^�xIa>c1d	_5�1WZ���mVXW[c1d�_txSu�d�s@WZn8_ba	�1WZjSa�\	xS^"xSn8_�c1_5^
�1_b\	xS^"xIc1_5s~o&��u�jOn8n8x>��|�� jO^X_�� xIn8\ YZ_S�

�&�;�&�>�@�>�&�C�E�	�S &¡	¢I£&¤&  ¥@¦&¦��"§�¨1©*ª>ª
« ¥S U¬>¬&¬

VXWZY[Y�ub^1_txyc"_�xSa�r	a ^1jOY[YZ_5s�WZa a _b^1��Y[j&jS\iu�jO^1^"_5�1\*jOa	s@WZa q�c1j~O®I¯vW[c1_5^"xIc1WZjSa	�5|
° d _�\ ^�xIqOnMxS�±xI^"_�xO�±kmjSYZY[jyV��5²

³ |�´�g µ¶´�·¶µ¶´�¸�W[a	s WZu5xyc1_t��c1d	xIc�xfkmr a	u�c"W[jOal�1d jSr	YZs�a jIc�o*_¹WZa Y[WZa _ts�| ° d _�s _�k¶xIr	Y�cºxSu�c1WZjSa6W���c1j�W[a YZWZa _¹xSY[Y
kmr a	u�c"W[jOa	�5|

 |�´�g »�´�hyg*·�·#WZa	s@W�ubxyc"_5�/c1d	xIc�x�YZj>jO\~�1d jSr Y�sfa	jIc�o-_�r a ^"jSYZY[_ts�| ° d _¼s _�k¶xIr	Y�cXxSu�c1WZjSa~W��/c1j�kmr Y[YZ�Mr a ^"jSYZY½x
Y[j&jS\iVXd _5^1_�\-jO�"�EWZo YZ_S|

¯	|�´�¸>¾�¿5µ�eÁÀ ÂOÃ5¸~W[a*s@WZu5xyc"_5�±c1d*xycXc1_5n8\*jO^"xSY�Ä�Å@Æ;jS\@c"W[n8WZ�5xyc"W[jOaÇnvr	�EcXo*_ºs@jOa _�jy`S_5^±c1d _�YZj&jS\
È |�Ã5ÂSh�»�´�ÂtÉ�W[a*s@WZu5xyc"_5�±c1d*xycÊ�"u�^"r a	u�dijS\@c"W[n8WZ�5xyc"W[jOa�n�r	�Ec�o*_ºs@jOa _�jy`S_5^�c"d _�YZj>jO\#Ë
Ì |�´�g Í�e�ÎiW[a*s@WZu5xyc"_5��c1d	xIc�xºYZj>jO\��1d jSr	YZs~a jIc�o*_¼c"r ^1a	_5sfWZa>c1j8x�s	xyc"xIz	jyV�qS^�xI\	d��¶Ï¼��Ð���kmjO^�_b�&_tu�r@c"W[jOa

o>�fc1d _º�1W[n�r Y�xyc1jO^5| ° d _�s@_bk¶xIr Y[cÊxSu�c1WZjSaiWZ�Xc1j¹c1r ^"awx¹Y[j&jS\iWZaOc"jfx8Ï���Ð�W[k�\-jO�"�1W[o YZ_S|
Ñ |�·¶g#g*Ò#»�ÓÇWZa	s@W�ubxIc1_5��c"d	xyc]xÊkmr a	u�c"W[jOaM�Ed jOr Y�sºo-_�ubjSa&`S_5^Ec"_5sºc1j�x�YZj&jSÔ&r \vc"xIo	Y[_�VXd W�u�dvr	�1_5��c"d _�\ d&�@�EW�ubxSY

n¹_5n8jS^"�MjIk�c1d _�d	xS^"s V±xS^1_ÊkmjS^XWZn¹\	Y[_5n¹_5a>c"xyc"W[jOa#|
Õ |Xh�g-Ö×WZa	s@W�ubxIc1_t��c1d	xIcÊx�kmr a	u�c"W[jOaw�Ed jOr Y�s�o-_ºu�jOa&`S_b^1c1_tsfc"jMx8Y[j&jSÔ&r \�c"xSo YZ_�VXd WZu�dir	�1_5��c"d _ºØ�Ù¼ÚpjOa

c1d _�d	xS^"s V±xS^1_ÊkmjS^XW[c"�XWZn8\ Y[_5n8_ba>c"xIc1WZjSa#|
Û |�´�g eÁ»�Ãt¸�WZa	s@W�ubxIc1_t�/c"d	xyc�c"d _�YZj&jS\i�Ed jOr Y�sMa jIc�o-_�kmr*�E_tsfVXW[c1dÇxIa jSc1d _5^�YZj&jS\Mc"d	xycXW���o-_bWZa q�km_5s~o>�MW[c"�

jSr@c"\ r@c5| ° d	_ºs@_�k¶xSr Y�cÊxOu�c"W[jOa�W��±c1j8kmr	�1_�YZj>jO\	�±VXd _b^"_b`O_b^�\-jO�"�EWZo YZ_S|
Ü |�Ãb¿5h�µ¶Ó�Ö�µ¶´�¸�WZ��x�\	xI^�xIn8_bc1_b^"WZ�b_5s¹\ ^�xIqOnMx¼c1d	xIc�ubxSr	�E_t�]x�YZj&jS\8c1jvr a	s@_5^1qOjºÝX�ÞÏÊWZn8_ba	�1W[jOa	xIY½Å>c1^"WZ\ n8W[a@�

W[a q*| ° d _¹W[a	a _b^�YZj>jO\l�1r o	�1_5ß>r _5aOc"Y[�wVXWZYZY�o*_¹kmr YZY[��r a ^"jSYZY[_ts�| ° d _¹\	xI^�xIn8_bc1_b^���W[a	s WZu5xyc1_�c1d	_8�1WZ�b_¹jIk
VXW[a	s jyVàr	�1_5s�W[aic"d _�a _bVájSr c1_b^XYZj&jS\#|

³5â |�ã�·�g#ÂtÒ�W���x~\	xS^"xSn8_�c1_5^1WZ�b_ts6\ ^�xIqOnMxMc1d*xycºubxSr	�E_t��x�YZj&jS\�c1jÇr a	s@_5^1qOjiÝ���Ï�WZn¹_5a	�1W[jOa	xIY/Å>c"^1WZ\ n8WZa W[a	q
kmjS^�xI^"^"x��io YZj&u�Ô&WZa q	| ° d _8WZa a _5^¼YZj&jS\6VXWZYZY�a jIc�o*_¹r a ^"jSYZYZ_5s�| ° d _¹\	xS^"xSn¹_bc1_5^"��W[a*s@WZu5xyc"_vc"d _¹�1WZ�b_¹jIk
VXW[a	s jyVàr	�1_5s�W[aic"d _�a _bVájSr c1_b^XYZj&jS\#|

³S³ |�Ó�ä@h�¿ »�´�hyg*·�·]W���x�\	xI^�xIn8_bc1_b^"WZ�b_5sÇ\	^"xSqSnMx8c1d*xyc�ubxIr*�E_t��x~Y[j&jS\�c1j�r a	s@_5^1qOj�ÝX�ÞÏ�W[n8_ba*�EWZjSa	xSY,Å&c1^"W[\@�
n¹WZa WZa q	| ° d _�W[a a	_b^~YZj&jS\��1r o	�1_5ß>r _ba>c"Y[�;VXW[YZYÊo-_wkmr YZYZ�;r	a ^1jOY[YZ_5s#| ° d _�\	xI^�xIn8_�c"_b^��MWZa	s@W�ubxyc"_wc1d	_
W�c"_b^�xyc1WZjSa*��jSk�c"d _�WZa a _b^1��Y[j&jS\�|

³  |XÉ�ä@hyÍ�åvä@hy¸æW���x�\	xI^�xIn8_�c"_b^"W[�5_5sæYZj&jS\�\ ^�xIqOn8xwc1d	xIc�W��vr	�1_5s�c1jl�1\-_5u�W[km��d	xS^"s@V�xI^"_M^"_bY�xyc1_ts�s@_�c�xIWZYZ�
�mo-jOxI^�s��	u�d	W[\#�-n8_bn8jS^"�~r*�E_��±kmjS^Êc1d _ºYZj&jS\#|X�	jS^�_b�@xSn8\ Y[_O� c"d _v\ ^�xIqOnMxvkmjO^�x8YZj&jS\wVXW[c1dÇcçV±jfW[a	\ r@c"�
}áxSa	sÇèéxIa*six8�1W[a	qSYZ_¼^"_�c"r ^"aiu5xIaio*_M²

�>���&�>�@�>�&�ê�Eë �O @ìOí	�S  î,�Eï	¥>�O @ìñð�í�òI¦Oì*óy¡ �S áô�ë�òt�Uðæõlö-î�ö�òt¤Uð��÷õæøù§úö½î�ö½¥I£@¡ûðw©	ª&ª
« ¥O p¬>¬&¬

° d _6WZa \ r@cÇn8_bn8jS^"��W����1\-_5u�W[�	_ts�xS�~x�Y[W��Ec~jIkº`yxI^"W�xIo YZ_wa	xIn8_0xIa	sün8_bn8jO^1�;a&r nvo-_b^�\	xIWZ^~VXd WZYZ_
c1d _�jSr@c"\ r@c�n8_5n¹jO^1WZ_5��xI^"_~�1\*_tu�W[�	_5súxS�vx�Y[W��Ec�jIk�n8_5n¹jO^1�0a&r nvo-_b^��5| ° d _~jOr@c1\	r@c¹n8_5n¹jO^1WZ_5��xI^"_
xS�"�Ej@u�W�xyc"_5s~W[n8\ YZWZubW�c"Y[��VXW�c"dic1d _�^"_�c"r ^1ai`yxIYZr _5��jIk�c"d _�YZj>jO\0�¶o&�~`&W[^1c1r	_¼jSk�jO^"s _b^"W[a q&��|
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Ë�Ì-ÍZÎ Ï£Ë¨Ð ÑOÒ^Ó Ð Ô^Î:ÐfÕ:Ö Ï£×^Ó Ï£Ñ¤Ë
ØKÙ&Ú�ÛlÜ ÝyÛ?Ú�Þ�Ü ÝsßOà�Ý�á:àaÝ+âbÝyãXÚ�Û äPå4æ�ß&åRæJå	ç á è Ñ-Ö&Î�ÌOÕ�éVÏêÓ Î:Ö�Ì�Ó Ï£Ñ¤Ë0Ñ è Ì ß�Ý Ô^Ï£ÍZÎëË^ÐfÏìÑOË�Ì-í�íìÑ�ÑO×�î ß�ïðá¤ñ¨æ ÑOÖ&òBó ñ"ô Ö ÏêÓ Î

Ì áõÝ Ô{Ï£ÍZÎëË¨ÐfÏ£Ñ¤Ë¨ÌOí Ó Ï£í£ÎPÑ è?â�Ýsö ÏêÓ9Ó Ñ¤÷¤ÎëË¨ÐZî â�ïøá¤ñ æ"ñ�ù^ñ ú"ñ�áëû ÑOÖ�ò æ ó
Ó ÑLÍZÎëÍZÑ-Öfü�ýþ�ÿ�Ó ÑLþ������GÕ�Ì-ÖfÖfü)Ó é¨Î ä�� Ì-íìÒ^ÎëÐGÏ£ËHÓ é¨ÎZÕëÒ{ÖfÖ ÎëË�ÓGÓ Ïìí£Î ñ
þ���ÏìÐlÓ é^Î�Ð�Ó�Ì-ÖfÓaÌ¤Ô^Ô{Ö ÎëÐfÐ ñ þ��	�
�lÓ ÑPþ ���� Õ�Ì-ÖfÖfü.Ó é¨Î9ÏêÓ Î:Ö�Ì�Ó Ï£Ñ¤Ë0ÕëÑOÒ¨Ë�Ó Ð
Ñ è Ó é¨Î ß�Ý Ô^Ï£ÍZÎëË^ÐfÏìÑOË�Ì-í�í£Ñ�ÑO× ñ þ �	������� Õ�Ì-ÖfÖ Ï£ÎëÐJÓ é¨Î�Î��"Ó ÎëË�Ó Ð?Ñ è Ó é¨Î á:à
Ó Ï£í£Î ñ Ó é¨Î9Ë^Î��"Ó&×�ÑOÖfÓ Ð&Õ�Ì-ÖfÖfü ç î ï������ î ß���á ó ïKß ó�� á Ï£Í.Ì��¤ÎGÑ��@ÐfÎ:Ó Ð ñ
Ó é¨Î.Ô{Ò¨ÍZÍmüQÌOË¨Ô�Ô^ÑOË¨Î.ÐfÏ��¤Ë�Ì-í£ÐëýXÑOÒ^Ó ×¨Ò{ÓG×�ÑOÖfÓ �aÿZÎëÍZÏêÓ ÐmÌ Û?Ù"!�Ü
Ó Ñ¤÷¤ÎëË ô é^ÎëË ô Ö ÏêÓ Ï£Ë#�ZÏ£ÐJÕëÑ¤ÍZ×^íìÎõÓ Î¤ý

ØKÙ&Ú�ÛlÜ ÝyÛ?Ú�Þ�Ü ÝsßOà�Ý�æ�àaÝ+âbÝyãXÚ�Û äZåDßlå	ù�åDç á è Ñ-Ö&Î�ÌOÕ�éVÏêÓ Î:Ö�Ì�Ó Ï£Ñ¤Ë0Ñ è Ì ß�Ý Ô^Ï£ÍZÎëË^ÐfÏìÑOË�Ì-í�íìÑ�ÑO×�î ß�ïðá¤ñ¨æ ÑOÖ&òBó ñ"ô Ö ÏêÓ Î
Ì æ�Ý Ô{Ï£ÍZÎëË¨ÐfÏ£Ñ¤Ë¨ÌOí Ó Ï£í£ÎPÑ è?â�Ýsö ÏêÓ9Ó Ñ¤÷¤ÎëË¨ÐZî â�ïøá¤ñ æ"ñ�ù^ñ ú"ñ�áëû ÑOÖ�ò æ ó
Ó ÑLÍZÎëÍZÑ-Öfü�ýÏìË^×¨Ò{Ó Ðmþ ÿ Ó ÑLþ ���$� î ô é^Î:Ö Î ä�ï%�'&)(�ñô ÏêÓ é � ÌOË�Ô( Ó é¨Î<Ô^Ï£ÍZÎëË¨ÐfÏ£ÑOË¨ÐZÑ è Ó é¨Î<Ó Ï£í£Î�ó�Õ�Ì�ÖfÖfüRÓ é^Î � ÌOí£Ò¨ÎëÐZÏ£ËRÓ é¨Î0ÕëÒ{ÖfÖ ÎëË�Ó
Ó Ï£í£Î ñ þ*�	Ï£Ð�Ó é^ÎVÐ�Ó�Ì�ÖfÓZÌOÔ¨Ô{Ö Î:ÐfÐ ñ þ�������Ó ÑQþ �	��� ÕëÌ-ÖfÖfü�Ó é^ÎVÏêÓ Î:Ö�Ì�Ó ÏìÑOË
ÕëÑOÒ¨Ë�Ó Ð ñ þ �	������� Ì-Ë�Ô�þ �	������+ Ì-Ö ÎPÓ é^Î�Î��"Ó ÎëË�Ó Ð�Ñ è Ó é¨Î æ�à Ó Ï£í£Î ñ Ó é^Î
Ë¨Î,�{Óa×�ÑOÖfÓ Ð�ÕëÌ-ÖfÖfü ç î ï-����� î ß�� æ ófó.� á Ï£Í.Ì��OÎ�Ñ��@ÐfÎõÓ Ð ñ Ó é^ÎPÔ{Ò¨ÍZÍ�ü
ÌOË¨Ô�Ô^ÑOË¨Î.ÐfÏ��¤Ë¨ÌOí£ÐëýXÑOÒ^Ó ×^Ò^ÓG×�ÑOÖfÓ �aÿZÎëÍZÏêÓ ÐmÌ Û?Ù"!�Ü Ó Ñ¤÷BÎ:Ë ô é¨Î:Ëô Ö ÏêÓ Ï£Ë#�ZÏ£ÐJÕëÑ¤ÍZ×^íìÎõÓ Î¤ýØKÙ&Ú�ÛlÜ ÝyÛ?Ú�Þ�Ü ÝsßOà�Ý ò àaÝ+âbÝyãXÚ�Û äZåDßlå�/JåDç á è Ñ-Ö&Î�ÌOÕ�éVÏêÓ Î:Ö�Ì�Ó Ï£Ñ¤Ë0Ñ è Ì ß�Ý Ô^Ï£ÍZÎëË^ÐfÏìÑOË�Ì-í�íìÑ�ÑO×�î ß�ïðá¤ñ¨æ ÑOÖ&òBó ñ"ô Ö ÏêÓ Î
Ìmò Ý Ô^Ï£ÍZÎëË^ÐfÏìÑOË�Ì-í�Ó Ïìí£Î�Ñ è�â�Ýsö ÏêÓXÓ ÑO÷BÎëË^Ðaî âHïÄáOñ�æ�ñ{ù^ñ^ú{ñ�áëû ÑOÖlò æ ó�Ó Ñ
ÍZÎëÍZÑ-Öfü�ýBÏìË^×¨Ò{Ó ÐXþ ÿ Ó Ñ�þ �0�$� î ô é¨Î:Ö Î ä0ï1�2&3( & 4^ñ"ô ÏêÓ é ��ñ	( ÌOË�Ô4 Ó é¨ÎJÔ{ÏìÍZÎ:Ë¨ÐfÏ£Ñ¤Ë^ÐEÑ è Ó é¨Î?Ó Ï£í£Î�ó�ÕëÌ-ÖfÖfü�Ó é^Î � Ì-í£Ò¨ÎëÐEÏ£Ë�Ó é¨ÎlÕëÒ{ÖfÖ ÎëË�Ó�Ó Ïìí£Î ñ
þ � Ï£ÐXÓ é¨Î�Ð�Ó�Ì-ÖfÓJÌOÔ¨Ô"Ö ÎëÐfÐ ñ þ �	�
� Ó Ñmþ ���� Õ�Ì-ÖfÖfüZÓ é^Î�ÏêÓ Î:Ö�Ì�Ó Ï£Ñ¤Ë<Õ:Ñ¤Ò¨Ë�Ó Ð ñ
þ ������
� Ó ÑPþ ������5 Ì�Ö Î�Ó é¨Î�Î,�{Ó Î:Ë"Ó ÐlÑ è Ó é¨Î�ò à Ó Ï£í£Î ñ Ó é^ÎaË^Î��"ÓJ×�ÑOÖfÓ Ð
Õ�Ì�ÖfÖfü ç î ï6�7�0� î ß�� òBófó8� á ÏìÍ.Ì��¤Î.Ñ��@ÐfÎõÓ Ð ñ Ó é^Î�Ô^Ò¨ÍZÍmü�ÌOË¨ÔDÔ^Ñ¤Ë^Î
ÐfÏ��¤Ë¨ÌOí£ÐëýEÑ¤Ò^Ó ×^Ò^ÓG×�Ñ-ÖfÓ9�aÿZÎëÍZÏêÓ ÐGÌ Û?Ù"!�Ü Ó Ñ¤÷¤ÎëË ô é^ÎëË ô Ö ÏêÓ Ï£Ë#�LÏ£Ð
ÕëÑOÍZ×¨í£Î:Ó Î¤ý
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¯W�z��¡e�p�d�H� ±² ²h¦�¦��������z�{� ²*¦z¦4�p�S�p�\²*�p���M© �*�z�?�����z�{���	����� ±E�M�H���c©+�d���M���p�d�	�J�
�����z�{���	����� ±² ���	�J�{��������� ²*�p���M©?�	¢8³B����¦z� �*�z�?�����z�{���	����� �����p�p�S�c«.�	�J¦��#��¨H´��,�d�z�S�

�h�M���M�������	�h���J¦ ±² µ%���c� ²*�p���M©?�	¢8³B����¦z� �*�z�H£p¤h¥8�	�c��� £'�+�	¨	�Gµ%���c��²*¦z¦��p�M�p�
���	�J�c�z�H����� ±² �h���H¯*�S¶W� ²*�p���M©?�	¢8³B����¦z� �*�z�H£p¤h¥8�	�c��� £'�+�	¨��h¯*�S¶W�

±² �h�z�C³B����¦�� ²*�p���M©?�	¢8³B����¦z� �*�z�H£p¤h¥8�	�c��� £{�+��¨��h³B����¦z�
±² ¯W�S§ ²*�p���M©?�	¢bµu�d��� �*�z�H£p¤h¥8�	�c��� ¯W�S§��z�S�{�%�°�d�z�S�
±² ²h�� ²*�p���M©?�	¢bµu�d��� �*�z�H£p¤h¥8�	�c��� ²h��4���S¶%�#�M¦�¨��G�°�d�z�M�
±² ³@�c�°��� ²*�p���M©?�	¢bµu�d��� �*�z�H£p¤h¥8�	�c��� ¯*�M��¦J·S³@�c�°���h�°�d�z�S�
±² ¯*�S¶ ²*�p���M©?�	¢bµu�d��� �*�z�H£p¤h¥8�	�c��� ¯W�S§��z�M�{���S¦?¯W�S¶
±² ³B����¦ ²*�p���M©?�	¢bµu�d��� �*�z�H£p¤h¥8�	�c��� ¯W�S§��z�S�{���S¦+³@�	��¦
±² ¸G�����	£'� ²*�p���M©?�	¢8³B����¦z� �*�z�H£p¤h¥8�	�c��� ¸D����� ¯*�S�	¦
±² ¸D������¤h��� ²*�p���M©?�	¢8³B����¦z� �*�z�H£p¤h¥8�	�c��� ¸D���������C .�h¶\�c�°�p���M�

¹ �	�J¦z¬4ªz�	O� ±² ¯W�S��¦�© µ��°� º ²*���	����«����W�{�d¨��z���8�c���W¶\ª��M�
�p�z��¡e�p�d�H�G�����J�{���������\�p�M��¦

¸G����� µ��°� º £{��«z���%�{�#¨	�J�,�k�d��¢=���p�C�d�z¨�¶\ª��M�
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Ó�ÔBÕ�Ö�×.Ø	ÖhÙ�ÕFÚ�Û�ÜEÝ.Þ#Û#ßeàXÙ�á.ØHâ4Ø�Ô.Ø	Ö�ã�Ù�Õ�Öhã4Ô�×Bä<Ö�Û#Ù�Ø,åcÙ�Û=Þ#ØHÔ.Õ.×.Ø�Ú�æ.Ù�á.ØHÙ�Ö�ã4Ô-Ú�Þ�ã�Ù�Õ�ÖGÜEã4Ý�Ú<ç�Õ�ÜEÝ.Û=Þ#Ø�å{Ù�Û=Ü�ØHç,ÕzÔ�Ú�Ù�ã4ÔzÙ�Ú

Ö�Ø�Þ�ã�Ù�Ø�×èÙ�ÕVÙ�á.Ø	Ú�ØéÔ.Õ.×.Ø	ÚBÛ�Ô�Ù�ÕfãVÞ=Û=ê�Ö�ã4Ö�àëÝ�ã4çSìOã4â4Øsç	ã�Þ=Þ#Ø�×ëí�î�ï�î�ðEñ�òpñ,ïMóSôöõ6Õ�ÖBØ	ã�çSáëâ4Ø�Ô.Ø	Ö�ã�Ù�Õ�ÖBÔ.Õ.×.Ø4æ�Ù�á�Ø

Ù�Ö�ã4Ô-Ú�Þ�ã�Ù�Õ�Ö�×.Ø,÷6Ô�Ø	ÚHç,ÕzÔ�Ú�Ù�ã4ÔzÙ�Ú<ßeÕzÖCÛ#Ù�ÚCäDÛ=Ô�×�Õ�äøÚ�Û=ù�ØBú'Ö�Õ�ä<ÚCã4Ô�×sç,Õ�Þ=û�ÜEÔ�ÚSüMæuÚ�Ù�Ø	ÝrÚ�Û=ù�Ø@úýÛ�ÔrÖ�Õ�äøã�Ô�×^ç�Õ4Þ�û�ÜEÔ

×.Û�Ü�Ø	Ô�Ú�Û#ÕzÔ6ü�ã4Ô-×r×-ã�Ù�ã@Ú�Û#ù	Ø4ôFþDá.Ø�Ú�ØFç�Õ�Ô�Ú�Ù�ã�ÔzÙ�ÚCã4Ö�ØÜ�ã�Ý�Ý6Ø	×rÛ=ÔzÙ�ÕIÚ�Û=â�Ô�ã4Þ\Ô�ã4Ü�Ø�ÚHã4ÚCÿëÛ�Ô��<Õ�ä<Ú	æ ÿëÛ�Ô��*Õ4Þ�Ú�æ

ÿëÛ�Ô��<Õ�ä��zÙ�Ø	Ý8æ.ÿëÛ�Ô��*Õ4Þ��zÙ�Ø	Ý8æ��Cã�Ù�ã	�zÛ=ù�Ø�ô\þ ÕEÜEã4ì4Ø Ù�á.ØHÔ�ã4Ü�Ø	ÚDû-Ô.Û�
Jû.Ø�æ.Ù�á.Ø+Ô�ÕJ×�ØCÔJû�Ü�ê-Ø�ÖhÛ=ÚDã�Ý�Ý-Ø�Ô�×.Ø�×XÙ�Õ

Ø	ã�çSá^Ú�Û#âzÔ�ã�Þ%Ô�ã�Ü�Ø4ô�õ-Õ�Ö�Ø�ã4çSáIä<Ö�Û=Ù�Ø,åcÙ�Û=Þ=ØEÔ�ÕJ×�Ø4æbÙ�á.ØÙ�Ö�ã4Ô�Ú�Þ�ã�Ù�ÕzÖ ×�Ø,÷6Ô.Ø�ÚHç,ÕzÔ�Ú�Ù�ã4ÔzÙ�Ú ßeÕzÖ Ù�á.ØEÙ�Û=Þ#ØFÚ�Û=ù�ØBú'Ö�Õ�ä<Ú

ã4Ô-×sç�Õ4Þ�û�ÜEÔ�ÚMü�ã�Ô�×r×�ã�Ù�ãBÚ�Û=ù�Ø4ôÓpÙ+ã4Þ=Ú�Õ@×.Ø	ç�Þ=ã�Ö�Ø�ÚHç,Õ�Ô-Ú�Ù�ã4ÔzÙ�Ú ßeÕ�ÖCÙ�Õ4Ù�ã�Þ\ÔJû�Ü?ê6Ø	Ö+Õ�ß*â�Ø	Ô.Ø�Ö�ã4Ù�ÕzÖ�Ô�ÕJ×�Ø	Ú	æbÙ�Õ�Ù�ã�Þ

ÔJû�Ü?ê6Ø	ÖhÕ4ß�Ö�Ø	×�û�ç�Ù�Û=Õ�Ô0Ô.Õ.×.Ø	Ú	æ.Ù�Õ�Ù�ã�Þ8ÔJû�Ü�ê-Ø�Ö*Õ4ß�Ô.Õ.×.Ø�ÚGÝ�Ö�Õ�JÛ�×.Û�Ô.â?Û�Ô�Ý�û.Ù�ÚGÙ�ÕEÙ�á�Ø�Ó����èã4Ô�×0Ù�Õ�Ù�ã4Þ ÔJû�Ü�ê-Ø�ÖhÕ�ß

Ô.Õ.×.Ø�ÚDç,Õ�Ô-Ú�û�Ü�Û�Ô.âEÙ�á.ØHÕzû.Ù�Ý-û.ÙDÕ�ß;Ù�á.ØHÓ����Cô

Á\ÂcÃhÂ�� �zÇÉÒ��WÌ��@Ò���Ò%ÇÉÌ8Ñ.Ì���� Ò�È È Ê�Ï��

þDá.ØsÙ�Ö�ã4Ô�Ú�Þ=ã4Ù�ÕzÖXÔ.Ø	Ø	×�Ú0Ù�ÕfÜ�ã�ÝëÙ�á�ØrÝ�ã�Ö�ã�Ü�Ø�Ù�Ø�Ö�ÚßeÕ�Ö0Ø	ã4çSá Û�ÜEã�â�Øsç,ÕzÖ�Ö�Ø	Ú�Ý6Õ�Ô�×.Û�Ô.âéÙ�ÕVã â�Ø	Ô.Ø�Ö�ã4Ù�ÕzÖÕ�Ö0ã

Ö�Ø	×�û�ç�Ù�Û=Õ�ÔBÔ.Õ.×.Ø4ô*þDá.ØHê�ã4Ú�ØHã4×�×�Ö�Ø	Ú�ÚhßeÕ�ÖGØ��4Ø�Ö�àÛ�ÜEã�â4ØHÜEã4Ý-Ú<×.Û�Ö�Ø�ç,Ù�Þ=àßýÖ�Õ�Ü ã�Ú�Û=â�Ô�ã4Þ8Õ�Ô0Û#Ù�Ú<ç,ÕzÖ�Ö�Ø	Ú�Ý-ÕzÔ�×.Û�Ô.â

Û�Ô�Ý�û.Ù;Ý-ÕzÖ�Ù	ô�þDá�Ø*ÜEã4Ý�Ý�Û=Ô.â Õ�ß6Ö�Õ�ä<Úbã�Ô�×?ç�Õ4Þ�û�ÜEÔ�ÚWú'Û=Ô�ÔJû�Ü?ê6Ø	ÖuÕ�ß-Ý.Û! .Ø�Þ�ÚMübÛ�Úuã4Þ=Ú�Õ ×.Û�Ö�Ø	ç,Ù ßeÕ�ÖuÙpä*Õ4åc×�Û=Ü�Ø	Ô-Ú�Û=Õ�Ô�ã4Þ

â4Ø�Ô.Ø	Ö�ã�Ù�Õ�ÖhÔ.Õ.×.Ø	Ú	ô%õ-ÕzÖGÕ�Ô.Ø�åc×�Û=Ü�Ø	Ô-Ú�Û=Õ�Ô�ã4Þ â4Ø	Ô�Ø	Ö�ã�Ù�ÕzÖGÔ.Õ.×.Ø	Ú	æ.Ù�á.Ø+Ö�Õ�ätÜEã�Ý�ÚGÙ�ÕãEç,ÕzÔ�Ú�Ù�ã4ÔzÙ"��ã�Þ�û.ØHÕ�Ô.ØCä<á.Û=Þ=Ø

Ù�á�ØFç,Õ4Þ�û�ÜEÔrÜ�ã�Ý�ÚH×.Û�Ö�Ø�ç,Ù�Þ#àYßýÖ�Õ�Ü ã4ÔsÛ=Ô�Ý-û.Ù+Ý-ÕzÖ�ÙHÚ�Û#âzÔ�ã�Þ{ôEõ-ÕzÖ Ù�á.Ø#��ã�Þ�û.ØÔ.Õ.×.Ø	ÚHã�Ô�×sä<Ö�Û=Ù�ØFÚ�ç�ã4Þ=ã�Ö Ô.Õ.×.Ø�Ú�æ

Õ�Ô�Þ#àIãBÚ�Û�Ô.â�Þ#Ø�Õ�û.Ù�Ý�û.Ù$��ã�Þ�û.Ø�Ø% .Û=Ú�Ù�ô�þDá.Û=Ú�Û�ÜEÝ.Þ#Û=Ø	ÚCÙ�á�ã�ÙCÙ�á.Ø�Ö�Õ�ä<Ú�ã4Ô�×sç,Õ4Þ�û�ÜEÔ�ÚCã4Ö�ØEÜ�ã�Ý�Ý6Ø	×sÙ�Õ@ç,Õ�Ô-Ú�Ù�ã4ÔzÙ

��ã�Þ�û.ØCÕ�Ô.Ø�ô\þDá.Û�Ú<ÜEã4Ý�Ý.Û�Ô.âEÛ�ÚDÚ�û�ÜEÜEã4Ö�Û�Ú�Ø�×XÛ�Ô@þuã�ê.Þ#Ø'&�ô (-ô

)+*�,�-/.10324- 576�89-/:;,�,�<=->898 ?@*>A#8 BC*EDGF�HJI�8
&K�MLWÞ=Ø	Ü�Ø	ÔzÙ1N Ø	Ô.Ø�Ö�ã4Ù�ÕzÖ�Ú O%Õ�Ö�Ù"P �*ÕzÔ�Ú�Ù�ã4ÔzÙ$& O%ÕzÖ�ÙRQ
Q�MLWÞ=Ø	Ü�Ø	ÔzÙ1N Ø	Ô.Ø�Ö�ã4Ù�ÕzÖ�Ú O%Õ�Ö�Ù"P O%ÕzÖ�Ù�Q O%ÕzÖ�ÙTS
&K�ÎÿëÛ�Ô�×.Õ�äUN Ø	Ô�Ø	Ö�ã�Ù�ÕzÖ�Ú O%Õ�Ö�Ù"P �*ÕzÔ�Ú�Ù�ã4ÔzÙ$& O%ÕzÖ�Ù"V
Q�ÎÿëÛ�Ô�×.Õ�äUN Ø	Ô�Ø	Ö�ã�Ù�ÕzÖ�Ú O%Õ�Ö�Ù"P O%ÕzÖ�ÙRV O%ÕzÖ�Ù"(

W\ã4Þ=û.Ø�Ú O%Õ�Ö�ÙRQ �*ÕzÔ�Ú�Ù�ã4ÔzÙ$& �*ÕzÔ�Ú�Ù�ã4ÔzÙ$&
ÿrÖ�Û#Ù�Ø,åX�Jç�ã4Þ=ã�Ö O%Õ�Ö�ÙY& �*ÕzÔ�Ú�Ù�ã4ÔzÙ$& �*ÕzÔ�Ú�Ù�ã4ÔzÙ$&

þuã�ê.Þ=ØZ&�ô (\[;Ó�Ü�ã4â4Ø$O\ã4Ö�ã4Ü�Ø	Ù�Ø	Ö4]^ã�Ý�Ý.Û�Ô.âEßeÕ�Ö1N Ø�Ô.Ø	Ö�ã�Ù�Õ�Ö	æzÿ_Ö�Û#Ù�Ø,åX�Jç�ã4Þ=ã�Öhã�Ô�×^W\ã�Þ�û.Ø`_�Õ.×.Ø�Ú

þDá.ØCÜEã4Ý�Ý.Û�Ô.â?ßeÕ�Ö*Ù�á.Ø�ä<Ö�Û=Ù�Ø�å{Ù�Û#Þ=Ø Ô�ÕJ×�Ø	Ú*Û=ÚGÜ�Õ�Ö�Ø ç�Õ�ÜEÝ.Þ=Û=ç	ã�Ù�Ø�×EßeÕ�Ö*Ù�á�Ø�Ö�Õ�ä<ÚWã�Ô�×Fç,Õ�Þ=û-Ü�Ô-ÚWÕ4ß Û=ÜEã4â4Ø	Ú	ô;þDá.Û=Ú

Û�Ú<ê-Ø�ç�ã�û�Ú�ØHÙ�á.Ø+Ö�û�ÔJåcÙ�Û�Ü�Ø+ç�Õ�Ô�Ú�Ù�ã�ÔzÙ�ÚGâ4Û��4ØCÙ�á.Ø?ÔJû�Ü?ê6Ø	Ö<Õ�ß;Ù�Û=Þ#Ø�ÚDÙ�ÕFê6ØHä<Ö�Û=Ù�Ù�Ø	Ô@Û�ÔBØ	ã4çSáB×.Û�Ü�Ø	Ô�Ú�Û#ÕzÔ@ã4Ô�×@Ô.Õ�Ù

Ù�á�Ø ÔJû�Ü?ê6Ø	ÖWÕ�ß Ö�Õ�ä<Ú\ã4Ô-×Fç,Õ�Þ=û�ÜEÔ�Ú	ô;þDá.Ø ÔJû�Ü�ê-Ø�Ö\Õ�ßbÙ�Û#Þ=Ø	Ú*Ù�Õ�ê-Ø ä<Ö�Û=Ù�Ù�Ø	ÔFç	ã4Ôê6Ø�Õ�ê�Ù�ã�Û�Ô.Ø�×EßýÖ�ÕzÜøÙ�á.Ø Ú�Û=â�Ô�ã4Þ

&KS\&



a%b	cdcde�fhg�bji�k�lmi�npoXbrqts\u>e9kvlmi�g�w�o@g\b	cXo�x�yRz�e/i>w�{7|�e�c'b~}Ycdb��fCqji�k�a%b~�mw�{'i�f��Glmi�i>w�{7|�e�cZb�}$g�l!u>e���f��7l�f

bj|�odq�lmi�e9k;|	�;k�lmcXe9a%o"{7w���oXlmg���l�a�q�odl!b	i;b~}�oXl��!e`fdl!��eYqji�k^odz�e`i>w�{7|�e�cTb~}�oXl���e�fToXb#|�eY��cdl�oXoXe9i3x�yRz�lmfRaKq��maKw���q~oXl�bji

lmf`fdw�{'{'q~cdlmfXe9ktlmi�y�q~|��!e+�~x��>xC��i�odz�e'odqj|���e~��q^��cdl!ode%��oXl��!e#i�b�k�e'b�}"odz�eC}�b	cd{'q~oYlmfYu�� �>����z�e9cXe@�'lmf$odz�e

}�bjcX���!b>bjg^cdqji��@qji�k��YlmfRodz�e`odl!��e�k�lm{Ze�i�fdl!b	i3x

�U����9�/ ��G¡¢�/ 1£3¤¥� ¦C§�¨9�/©;ª�ª���>¨9¨ «@¬>#¨ ®C¬�¡¢¯�°J±�¨
�K� �K� ²�b	cXoY�G³+´¶µ	� ·4b	i�fdodq~i	o$� ²�bjcdoY�¢³^´r¸j�d¹~·4bj��y"l��!eº	l��Ke
�K� ¸� ²�b	cXoY�G³+´�»>� ¼�b��y"l��!eº	l!��e ²�bjcdoY�¢³^´¶µ	�d¹~·4bj��y"l��!eº	l��Ke
¸� �K� ²�b	cXoY�G³+´�»>� ²�bjcdo$�G³�´�µ>� ²�bjcdoY�¢³^´r¸j�d¹~·4bj��y"l��!eº	l��Ke
¸� ¸� ²�b	cXoY�G³+´r½j� ²�bjcdo$�G³�´p»��X¹¼�b��y"l!��e=º>l!��e ²�bjcdoY�¢³^´¶µ	�d¹~·4bj��y"l��!eº	l��Ke

y�q~|���e#�~x��>¾���{'q�nje�²¿qjcdqj{Ce�oXe9c4Àpq~g�g�lmi�nZ}�bjc"Á¶cdl!ode%��y"l!��e$Â1b�k�e�f��XÃ@|�eKlmi�n'oXb~ohq���i>w�{C|\e9c"b�}�l�i\g�w�o�g�bjcdodf��

Ä i�e#ohz�l�i�ntoXb�|�e;i�bjoXe9k¶l�f7odz�q~o�odz�e;l�{'q�nje#l�fCfXodbjcde�k�lmir{Ce9{Zbjcd�pq~f��4b	cdk�f`qji�kri�bjo7q~f�g�lÅu�eK�mf�x^Æ�e�i�aKe

bji�eYi�e�e�k�f"odbZ{'qjg;ohz�e`i	w\{7|�e�cTb�}�g�lÅu�e���fY�Glmi�a%b~�mw�{'i�k�l�{Ze9i�fXl�bjiE��lmi	oXb#a%b	cdcde�fhg\b	i�k�lmi�n7i>w�{C|\e9c"b�}��Tbjchk�f�x
Ç b	c"��cXl�oXeK��fhaKq~��qjc"q~i�k^Èq��mw�e�i�b�k�e�f"ohz�e7i>w�{C|\e9c"b�}��4b	cdk�fTlmf�a%b	i�fdodq~i	o"Èq��mw�e$bji�ejx Ç b	c"odz�e�nje�i�e9cdq~oXb	c4qji�k
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Figure 1. System overview
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Figure 2. Abstract machine structure
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Table 1. Performance of loop fusion and
stripmining.
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5.1 SA-C vs. a Hand-Coded VHDL Example
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Table 2. Performance of hand-coded Pre-
witt

���)�G3)! # �X����! # ����3)!%���`����	��z	���[��������!"	��`���Z���)�N��	�'XE
3�	�!&����������G'�*

5.2 SA-C Performance vs. C
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ABSTRACT
The Cameron project has developed a language and
compiler for mapping image-based applications to
field programmable gate arrays (FPGAs). This
paper tests this technology on several applications
and finds that FPGAs are between 8 and 800 times
faster than comparable Pentiums for image based
tasks.

1) Introduction

Although computers keep getting faster and faster,
there are always new image processing (IP)
applications that need more processing than is
available. Examples of current high-demand
applications include real-time video stream
encoding and decoding, real-time biometric (face,
retina, and/or fingerprint) recognition, and military
aerial and satellite surveillance applications. To
meet the demands of these and future applications,
we need to develop new techniques for accelerating
image-based applications on commercial hardware.

Currently, many image processing applications are
implemented on general-purpose processors such as
Pentiums. In some cases, applications are
implemented on digital signal processors (DSPs),
and in extreme cases (when economics permit)
applications can be implemented in application-
specific integrated circuits (ASICs). This paper
presents another technology, field programmable
gate arrays (FPGAs), and shows how compiler
technology can be used to map image processing
algorithms onto FPGAs, achieving 8 to 800 fold
speed-ups over Pentiums.

2) Field Programmable Gate Arrays

Field-programmable gate arrays (FPGAs) are non-
conventional processors built almost entirely out of
lookup tables. In particular, FPGAs contain grids of
logic blocks, connected by programmable wires, as
shown in Figure 1. Each logic block has one or
more lookup tables (LUTs) and several bits of
memory. As a result, logic blocks can implement
arbitrary logic functions (up to a few bits), or be
combined together to form registers. FPGAs as a
whole can be used to implement circuit diagrams, by
mapping the gates and registers onto logic blocks.

Figure 1: A conceptual illustration of an FPGA.
Every logic block contains one or more LUTs,
plus a bit or two of memory. The contents of the
LUTs are (re)programmable, as are the grid
connections. I/O blocks provide access to
external pins, which usually connect to local
memories.
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FPGAs were originally developed to serve as test
vehicles for hardware circuit designs. Recently,
however, FPGAs have become so dense and fast that
they have evolved from simple test and “glue logic”
circuits into the central processors of powerful
reconfigurable computing systems [1]. A Xilinx
XCV-2000E, for example, contains 38,400 logic
blocks, and can operate at up to 180 MHz
(depending on the latency of the embedded circuit).
The logic blocks can be configured so as to exploit
data, pipeline, process, I/O parallelism, or all of the
above. In computer vision and image processing,
FPGAs have already been used to accelerate real-
time point tracking [2], stereo [3], color-based object
detection [4], video and image compression [5], and
neural networks [6].

The economics of FPGAs are fundamentally
different from the economics of other parallel
architectures. Because of the comparatively small
size of the image processing market, most special-
purpose image processors have been unable to keep
pace with advances in general purpose processors.
As a result, researchers who adopt them are often left
with obsolete technology. FPGAs, on the other hand,
enjoy a multi-billion dollar market as low-cost ASIC
replacements. Consequently, increases in FPGA
speeds and capacities have followed or exceeded
Moore’s law for the last several years, and
researchers can continue to expect them to keep pace
with general-purpose processors [7].

Unfortunately, FPGAs are very difficult to program.
Algorithms must be expressed as detailed circuit
diagrams, including clock signals, etc., in hardware
description languages such as Verilog or VHDL.
This discourages most computer vision researchers
from exploiting FPGAs; the intrepid few who do are
repeatedly frustrated by the laborious process of
modifying or combining FPGA circuits.

The goal of the Cameron project is to change how
reconfigurable systems are programmed from a
circuit design paradigm to an algorithmic one. To
this end, we have developed a high-level language
(called SA-C) for expressing image processing
algorithms, and an optimizing compiler that targets
FPGAs. Together, these tools allow programmers to
quickly write algorithms in a high-level language,
compile them, and run them on FPGAs.

Detailed descriptions of the SA-C language and
optimizing compiler can be found elsewhere (see [8,
9],or http://www.cs.colostate.edu/~cameron/
for a complete set of documents and publications).
This paper only briefly introduces SA-C and its

compiler before presenting experiments comparing
SA-C programs compiled to a Xilinx XCV-2000E
FPGA to equivalent programs running on an Intel
Pentium III processor. Our goal is to familiarize
applications programmers with the state of the art in
compiling high-level programs to FPGAs, and to
show how FPGAs implement a wide range of image
processing applications.

3) SA-C
SA-C is a single-assignment dialect of the C
programming language designed to exploit both
coarse-grained (loop-level) and fine-grained
(instruction-level) parallelism. Roughly speaking,
there are three major differences between SA-C and
standard C: 1) SA-C adds variable bit-precision data
types and fixed point data types. This exploits the
ability of FPGAs to form arbitrary precision circuits,
and compensates for the high cost of floating point
operations on FPGAs by encouraging the use of
fixed-point representations. 2) SA-C includes
extensions to C that provide data parallel looping
mechanisms and true multi-dimensional arrays.
These extensions make it easier to express operations
over sliding windows or slices of data (e.g. pixels,
rows, columns, or sub-images), and also make it
easier for the compiler to identify and optimize data
access patterns. 3) SA-C restricts C by outlawing
pointers and recursion, and restricting variables to be
single assignment. This creates a programming
model where variables correspond to wires instead of
memory addresses, and functions are sections of a
circuit, rather than entries on a program stack.

To illustrate the differences between SA-C and
traditional C, consider how the Prewitt edge detector
might be written in SA-C, as shown in Figure 2.

int16[:,:] main (uint8 image[:,:]) {
int16 H[3,3] = {{-1,-1,-1}{0,0,0}{1,1,1}};
int16 V[3,3] = {{-1,0,1}{-1,0,1}{-1,0,1}};
int16 M[:,:] =

for window W[3,3] in image {
int16 dfdy, int16 dfdx =

for w in W dot h in H dot v in V
return(sum(w*h),sum(w*v);

int16 magnitude =
sqrt(dfdy*dfdy+dfdx*dfdx);

} return(array(magnitude));
} return(M);
Figure 2: SA-C source code for the Prewitt edge
detector. The Prewitt edge detector convolves the
image with two masks (H & V above), and then
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computes the square root of the sum of the
squares.

At first glance, one is struck by the data types and
the looping mechanisms. “int16” simply represents a
16-bit integer, while “uint8” represents an unsigned
8-bit integer. Unlike in traditional C, integers and
fixed point numbers are not limited to 8, 16, 32 or 64
bits; they may have any precision (e.g. int11), since
the compiler can construct circuits with any
precision2. Also, arrays are true multi-dimensional
objects whose size may or may not be known at
compile time. For example, the input argument
“uint8 image[:,:]” denotes a 2D array of unknown
size.

Perhaps the most significant differences are in the
looping constructs. “for window W[3,3] in image”
creates a loop that executes once for every possible
3x3 window in the image array. Such windows can
be any size, although their size must be known at
compile time. In addition to stepping through
images, SA-C’s looping constructs also allow new
arrays to be constructed in their return statements. In
this case, “return (array (magnitude))” makes a new
array out of the edge magnitudes calculated at each
3x3 window.

Perhaps the least C-like element of this program is
the interior loop “for w in W dot h in H dot v in V”.
This creates a single loop that executes once for
every pixel in the 3x3 window W. Since H and V
are also 3x3 arrays, each loop iteration matches one
pixel in W with the corresponding elements of H and
V. This “dot product” looping mechanism is
particularly handy for convolutions, but requires that
the structures being combined have the same shape
and size. A more thorough description of SA-C can
be found in [8] or at the Cameron web site.

4) THE SA-C COMPILER
The SA-C compiler translates high-level SA-C code
into dataflow graphs, which can be viewed as
abstract hardware circuit diagrams without timing
information [10]. The nodes in a data flow graph are
generally simple arithmetic operations whose inputs
arrive over edges. There are also control nodes (e.g.
selective merge) and array access/storage nodes.

Dataflow graphs are a common internal
representation for optimizing compilers. The SA-C

2 Earlier versions of SA-C limited variables to no
more than 32 bits, but this limitation has been
removed.

compiler performs standard optimizations including
common subexpression elimination, constant
folding, operator strength reduction, invariant code
motion, function in-lining, and dead code
elimination. It also performs specialized
optimizations for hardware circuits that reduce I/O
bandwidth (e.g. loop fusion, partial loop unrolling),
reduce circuit size (e.g. bitwidth narrowing, window
narrowing, and temporal common subexpression
elimination,) and increase the clock rate (pipelining,
lookup tables). These optimizations are described in
[11].

After optimization, the SA-C compiler translates
data flow graphs into VHDL; commercial tools3

synthesize and place and route the VHDL to create
FPGA configurations. The SA-C compiler also
generates host code to download the FPGA
configuration, data, and parameters, to trigger the
FPGA, and to upload the results.

5) IMAGE PROCESSING ON FPGAs
The SA-C language and compiler allow FPGAs to be
programmed in the same way as other processors.
Programs are written in a high-level language, and
can be compiled, debugged, and executed from a
local workstation. It so happens that for SA-C
programs, the host executable off-loads the
processing of loops onto an FPGA, but this is
invisible. SA-C therefore makes reconfigurable
processors accessible to applications programmers
with no hardware expertise.

The empirical question in this paper is whether
image processing tasks run faster on FPGAs than on
conventional general-purpose hardware, in particular
Pentiums. The tests presented below in Table 1
suggest that in general, the answer is yes. Simple
image operators are faster on reconfigurable
processors because of their greater capabilities for
I/O between the FPGA and local memory, although
this speed-up is modest (a factor of ten or less).
More complex tasks result in larger speed-ups, up to
a factor of 800 in one test, by exploiting the
parallelism within FPGAs and the strengths of an
optimizing compiler.

The reconfigurable processor used in our tests is an
Annapolis Microsystems WildStar with 3 Xilinx
XV-2000E FPGAs and 12 local memories. Our
conventional processor is a Pentium III running at
800 MHz. The chips in both processors are of a

3 Synplicity and the Xilinx Foundation Tools.
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similar age and were the first of their respective
classes fabricated at 0.18 microns.

Routine Pentium II I XV-2000E Ratio
AddS 0.00595 0.00067 8.88
Prewitt 0.15808 0.00196 83.16
Canny 0.13500 0.00606 22.5
Wavelet 0.07708 0.00208 38.5
Dilates (8) 0.06740 0.00311 21.6
Probing 65.0 0.08 812.5
Table 1. Execution times in seconds for routines
with 512x512 8-bit input images. The comparison
is between a 800Mhz Pentium III and an AMS
WildStar with Xilinx XV-2000E FPGAs.

5.1) The Simplest Image Operator:
Scalar Addition

The simplest program we tested adds a scalar
argument to every pixel in an image. For the
WildStar, we wrote the function in SA-C and
compiled it to a single FPGA. We compared its
performance to the matching routine from the Intel
Image Processing Library (IPL) running on the
Pentium. In so doing, we compare the performance
of compiled SA-C code on an FPGA to hand-
optimized (by Intel) Pentium assembly code. As
shown in Table 1, the WildStar outperforms the
Pentium by a factor of 8.

Why is the WildStar faster? The clock rate of an
FPGA is a function of the latency of the programmed
circuit, but in general FPGAs run at lower clock
rates than Pentiums. For this program, the WildStar
ran at 51.7 MHz, compared to 800 MHz for the
Pentium. Unfortunately for the Pentium, however,
memory response times have not kept up with
processor speeds, and the 512x512 source image is
too large to fit in its primary cache. As a result, the
Pentium is not able to read or write data at anything
close to 800MHz, so its primary advantage is
squandered.

FPGAs, on the other hand, are capable of parallel
I/O. The WildStar gives the FPGAs 32-bit I/O
channels to each of four local memories, so the
FPGA can both read and write 8 8-bit pixels per
cycle. This is four times the I/O bandwidth of the
Pentium. Also, the operator’s pixel-wise access
pattern is easily identified by the SA-C compiler,
which is able to optimize the I/O so that the program
reads and writes almost 8 pixels per cycle.

The FPGA outperforms the Pentium on the scalar
addition task by slightly more than I/O
considerations alone would predict. This is because
the SA-C compiler exploits both data and pipeline
parallelism. On every cycle, the FPGA (1) reads
eight 8-bit pixels, (2) adds eight copies of the scalar
to the eight pixels read on the previous cycle (in
parallel), and (3) writes back to memory the sums of
the scalar with the eight pixels read on the cycle
before that.

This program represents one extreme in the FPGA
vs. Pentium comparison. It is a simple, pixel-based
operation that fails to fully exploit the FPGA, since
only 9% of the lookup tables (and 9% of flip-flops)
were used. However, it demonstrates that FPGAs
will outperform Pentiums on simple image operators
because of their parallel I/O capabilities. The exact
amount of the speed-up will depend on the number
of local memories the FPGA has access to and the
speeds of the memories, but in general one expects a
small speed-up of less than a factor of ten.

5.2) Edge Operators

The Prewitt edge operator shown in Figure 2 is more
complex than simple scalar addition. Every 3x3
window in the image is convolved with horizontal
and vertical edge masks; and the edge magnitude at a
pixel is the square root of the sum of the square of
the convolution responses. When the Prewitt
program written in SA-C is compiled for the
WildStar, it computes the edge magnitude response
image for a 512x512 input image in 1.96
milliseconds. In comparison, the equivalent Intel IPL
function4 on the Pentium takes 158.08 milliseconds,
or approximately 80 times longer (see Table 1).

Why is the Prewitt edge detector so much faster on
an FPGA? One of the reasons, as before, is I/O: the
FPGA can read the input image and write the output
image faster than the Pentium can. The advantage is
magnified by the fact that edge detection is a
window-based operator. A naïve implementation of
a 3x3 window will slide the window horizontally
across the image until it reaches the end of the row,
at which point it will drop down one row and repeat
the process. While shift registers can be used to
avoid reading a pixel more than once on any given
horizontal sweep, every pixel is still read three times,

4 iplConvolve2D with two masks (the Prewitt
horizontal and vertical edge masks) and
IPL_SUMSQROOT as the combination operator.
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once for each row in the window. The SA-C
compiler avoids this by partially unrolling the loop
and computing eight vertical windows in parallel
(see Figure 3). This reduces the number of input
operations needed to process the image by almost a
factor of three by exploiting the parallelism of the
FPGA.

Figure 3: How partial vertical unrolling optimizes
I/O. As a 3x3 image window slides across an
image, each pixel is read 3 times (assuming shift
registers hold values as it slides horizontally).
Under partial unrolling, two or more vertical
windows are computed in parallel, allowing the
passes to skip rows and reducing I/O.

Of course, the parallelism of the FPGAs does more
than just reduce the number of I/O cycles. We
mentioned above that the FPGA computes eight
image windows in parallel. It also exploits
parallelism within the windows. Convolutions, in
general, are ideal for data parallelism. The
multiplications can be done in parallel, while the
additions are implemented as trees of parallel adders.
Pipeline parallelism is equally important, since
square root is a complex operation that leads to a
long circuit (on an FPGA) or a complex series of
instructions (on a Pentium). The SA-C compiler lays
out the circuit for the complete edge operator
including the square root, and then inserts registers
to divide it into approximately twenty stages, each of
which operate in parallel.

Finally, the SA-C compiler has the advantage of
being a compiler, not a library of subroutines. Thus,
while the IPL convolution routine must be general
enough to perform arbitrary convolutions, the SA-C
implementation of Prewitt can take advantage of
compile-time constants. In particular, the Prewitt
edge masks are composed entirely of ones, zeroes
and minus ones, so all of the multiplications in these

particular convolutions can be optimized away or
replaced by negation. Furthermore, the eight
windows being processed in parallel contain
redundant additions, the extra copies of which are
removed by common subexpression elimination.

The Canny edge detector is similar to Prewitt, only
more complex. It smoothes the image and convolves
it with horizontal and vertical edge masks. It then
computes edge orientations as well as edge
magnitudes, performs non-maximal suppression in
the direction of the gradient, and applies high and
low thresholds to the result. (A final connected
components step was not implemented; see [12] pp.
76-80.)

We implemented the Canny operator in SA-C and
executed it on the WildStar. The result was
compared to two versions of Canny on the Pentium.
The first version was written in VisualC++, using
IPL routines for the convolutions. This allowed us
to compare compiled SA-C on the WildStar to
compiled C on the Pentium; the WildStar was 120
times faster. We then tested the hand-optimized
assembly code version of Canny in Intel’s OpenCV,
setting the high and low thresholds equal to prevent
the connected components routine from iterating.
The Pentium’s performance improved five fold, but
the FPGA still outperformed the Pentium by a factor
of 22. Table 1 shows the comparison with OpenCV.

Why is performance relatively better for Prewitt than
for Canny? There are two reasons. First, the Canny
operator uses fixed convolution masks, so the
OpenCV Canny routine has the same opportunities
for constant propagation and common subexpression
elimination that SA-C has. Second, the Canny
operator does not include a square root operation.
Square roots can be pipelined on an FPGA but
require multiple cycles on a Pentium.

5.3) Wavelet

In a test on the Cohen-Daubechies-Feauveau
Wavelet [13], the WildStar beat the Pentium by a
factor of 35. Here a SA-C implementation of the
wavelet was compared to a C implementation
provided by Honeywell as part of a reconfigurable
computing benchmark [14].

5.4) The ARAGTAP Pre-screener

We also compared FPGAs and Pentiums on two
military applications. The first is the ARAGTAP
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pre-screener [15], a morphology-based focus of
attention mechanism for finding targets in SAR
images. The pre-screener uses six morphological
subroutines (downsample, erode, dilate, bitwise and,
positive difference, and majority threshold), all of
which were written in SA-C. Most of the
computation in the pre-screener, however, is in a
sequence of 8 erosion operators with alternating
masks, and a later sequence of 8 dilations. We
therefore compared these sequences on FPGAs and
Pentiums. (Just the dilate is shown in Table 1; results
are similar for erosion).

The SA-C compiler fused all 8 dilations into a single
pass over the image; it also applied temporal
common subexpression elimination, pipelining, and
other optimizations. The result was a 20 fold speed-
up over the Pentium running automatically compiled
(but heavily optimized) C. We had expected a
greater speed-up, but were foiled by the simplicity of
the dilation operator: after optimization, it reduces to
a collection of max operators, and there is not
enough computation per pixel to fully exploit the
parallelism in the FPGA.

5.5) Probing

The second application is an ATR probing algorithm
[16]. The goal of probing is to find a target in a
LADAR or IR image. A target (as seen from a
particular viewpoint) is represented by a set of
probes, where a probe is a pair of pixels that straddle
the silhouette of the target. The idea is that the
difference in values between the pixels in a probe
should exceed a threshold if there is a boundary
between them. The match between a template and an
image location is measured by the percentage of
probes that straddle image boundaries.

Probe sets must be evaluated at every window
position in the image. What makes this application
complex is the number of probes. In our example
there are approximately 35 probes per view, 81
views per target, and three targets. In total, the
application defines 7,573 probes per window
position. Fortunately, many of these probes are
redundant in either space or time, and the SA-C
optimizing compiler is able to reduce the problem to
computing 400 unique probes (although the
summation trees remain complex). This is still too
large to fit on one FPGA, so to avoid dynamic
reconfiguration we distribute the task across all three
FPGAs on the WildStar. When compiled using
VisualC++ for the Pentium, probing takes 65

seconds; the SA-C implementation on the WildStar
run in 0.08 seconds.

These times can be explained as follows. For the
configuration generated by the SA-C compiler for
the probing algorith, the FPGAs run at 41.1 MHz.
The program is completely memory IO bound: every
clock cycle each FPGA reads one 32 bit word,
containing two 12 bit pixels. As there are (512-
13+1)×(1024) ×13 pixel columns to be read, the
FPGAs perform (512-13+1)× (1024) × (13/2) =
3,328,000 reads. At 41.1 MHz this takes 80.8
milliseconds.

The Pentium performs (512-13+1)× (1024-34+1)
window accesses. Each of these window accesses
involves 7573 threshold operations. Hence the inner
loop that performs one threshold operation is
executed (512-13+1)× (1024-34+1) ×7573 =
3,752,421,500 times. The inner loop body in C is:
for(j=0; j<sizes[i]; j++){
diff = ptr[set[i][j][2]*in_width+set[i][j][3]] –

ptr[set[i][j][0]*in_width+set[i][j][1]];
count += (diff>THRESH || diff<-THRESH);

}
where in_width and THRESH are constants. The
VC++ compiler infers that ALL the accesses to the
set array can be done by pointer increments, and
generates an inner loop body of 16 instructions.
(This is, by the way, much better than the 22
instructions that the gcc compiler produces at
optimzation setting -O6.) The total number of
instructions executed in the inner loop is therefore
3,752,421,500 ×16 = 60,038,744,000. If one
instruction were executed per cycle,this would bring
the execution time to about 75 seconds. As the
execution time of the whole program is 65 seconds,
the Pentium (a super scalar architecture) is actually
executing more than one instruction per cycle!

6) Practical Timing Considerations
So far, we have reported only run-times. This is
misleading, if the reconfigurable processor is being
used as a co-processor. To run an operator on a co-
processor, the image has to be downloaded to the
reconfigurable systems’ memory, and the results
must be returned to the host processor. A typical
upload or download time on a PCI bus for a 512x512
8-bit image is about 0.022 seconds. As a result, the
FPGA is slower than a Pentium at adding a scalar to
an image, if data communication times are taken into
account. The other programs listed in Table 1 are
still faster on the FPGA, although their speed-up
factors are reduced.
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In addition, current FPGAs cannot be reconfigured
quickly. It takes about 0.14 seconds to reconfigure
an XV-2000E over a PCI bus. Any function
compiled to an FPGA configuration must save
enough time to justify the reconfiguration cost. The
simplest way to do this in practice is to select one
operator sequence to accelerate per FPGA, and to
pre-load the FPGAs with the appropriate
configurations, thus eliminating the need for
dynamic reconfiguration. However, non real time
applications may find it useful to reconfigure and
FPGA, so long as the benefit of each configuration is
great enough.

7) Related Work

Researchers have tried to accelerate image
processing on parallel computers for as long as there
have been parallel computers. Some of this early
work tried to map IP onto commercially available
parallel processors (e.g. [17]), while other research
focused on building special-purpose machines (e.g.
[18]). Unfortunately, in both cases the market did
not support the architecture designs, which were
eclipsed by general-purpose processors and Moore’s
law. More recent work has focused on so-called
“vision chips” that build the sensor into the
processor [19]. Another approach (advocated here)
is to work at the board level and integrate existing
chips – either DSPs or FPGAs -- into parallel
processors that are appropriate for image
processing. Focusing on FPGAs, Splash-2 [20] was
the first reconfigurable processor based on
commercially available FPGAs (Xilinx 4010s) and
applied to image processing. The current state of the
art in commercially available reconfigurable
processors is represented by the AMS WildStar5, the
Nallatech Benblue6 and the SLAAC project7, all of
which use Xilinx FPGAs. (The experimental results
in this paper were computed on an AMS WildStar.)
Research projects into new designs for
reconfigurable computers include PipeRench [21],
RAW [22] and Morphosis [23].

To exploit new hardware, researchers have to
develop software libraries and/or programming
languages. One of the most important software
libraries is the Vector, Signal, and Image
Processing Library (VSIPL)8, proposed by a

5 www.annapmicro.com
6 www.nallatech.com
7 www.east.isi.edu/SLAAC/
8 www.vsipl.org

consortium of companies, universities and
government laboratories as a single library to be
supported by all manufacturers of image processing
hardware. The Intel Image Processing Library
(IPL)9 and OpenCV10 are similar libraries that map
image processing and computer vision operators
onto Pentiums. It is also possible to build graphical
user interfaces (GUIs) to make using libraries
easier. AMS provides such a GUI to a library of
primitive operators for programming the WildStar;
CHAMPION [24] uses the Khoros [25] GUI,
having implemented all the primitive Khoros
routines in VHDL. SA-C has also been integrated
with Khoros, which can be used both to call pre-
written SA-C routines or to write new ones.

One of the first programming languages designed to
map image processing onto parallel hardware was
Adapt [26]; C\\ [27] and CT++ [28] are more recent
languages designed for the same purpose. Other
languages are less specialized and try to map
arbitrary computations onto fine-grained parallel
hardware; several of these projects focus on
reconfigurable computing. Handel-C [29] is similar
to SA-C in that it both extends C to express
important hardware functionality, such as bit-
widths, explicit timing parameters, and parallelism,
and limits the language to exclude C features that
do not lend themselves to hardware translation. It
is lower-level than SA-C, however, in that
programmers need to consider clock signals and
other timing considerations explicitly. Streams-C
[30] emphasizes streams to facilitate the expression
of parallel processes. Finally, the MATCH project
[31] uses MATLAB as its input language, while
targeting reconfigurable processors.

8) Future Work
For many years, real-time applications on
traditional processors had to be written in assembly
code, because the code generated by compilers was
not as efficient. We believe there is an analogous
progression happening with VHDL and the SA-C
compiler. At the moment, applications written
directly in VHDL are more efficient (albeit more
difficult to develop), but we expect future
improvements to the compiler to narrow this gap.

In particular, the FPGA configurations generated by
the SA-C compiler currently use only one clock
signal. This limits the I/O ports to operate at the

9www.intel.com/software/products/perflib/ipl/
10www.intel.com/software/products/opensource/li
braries/cvfl.htm
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same speed as the computational circuit. Xilinx
FPGAs, however, support multiple clocks running
at different speeds, and include internal RAM
blocks that can serve as data buffers. Future
versions of the compiler will use two clocks, one
for internal computation and one for I/O. This
should double (or more) the speed of I/O bound
applications.

We also plan to introduce streams into the SA-C
language and compiler. This will support new
FPGA boards with channels for direct sensor
input, and will also make it easier to implement
applications where the run-times of subroutines
are strongly data dependent, for example
connected components. We also plan to introduce
new compiler optimizations to support trees and
other complex data structures in memory, and to
improve pipelining in the presence of nextified
(a.k.a. loop carried) variables.

The goal of these extensions is to support stand-
alone applications on FPGAs. Imagine, for
example, reconfigurable processor boards with one
or more FPGAs, local memories, A/D converters
(or digital camera ports), and internet access.
Such processors could be incorporated inside a
camera, and would consume very little power. A
security application running on the FPGAs could
then inspect images as they came from the camera,
and notify users via the internet whenever
something irregular occurred. The application
could be as simple as motion detection or as
complex as human face recognition. A single host
processor could then monitor a large number of
cameras/FPGAs from any location.

8) CONCLUSION
FPGAs are a class of processor with a two billion
dollar per year market. As a result, they obey
Moore’s law, getting faster and denser at the same
rate as other processors. The thesis of this paper is
that most image processing applications run faster
on FPGAs than on general-purpose processors,
and that this will continue to be true as both types
of processors become faster.

In particular, complex image processing
applications do enough processing per pixel to be
compute bound, rather than I/O bound. In such
cases, FPGAs dramatically outperform Pentiums
by factors of up to 800. Simpler image processing
operators tend to be I/O bound. In these cases,
FPGAs still outperform Pentiums because of their

greater I/O capabilities, but by smaller margins
(factors of 10 or less).
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Figure 1. SA-C Compilation system.
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Figure 2. Prewitt Edge detector code.
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Figure 3. DDCF graph for Prewitt program.
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Figure 4. Effect of Temporal CSE and Window
Narrowing.
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Figure 5. DFG for Prewitt after optimizations.
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7.3 An Iterative Tri-Diagonal Solver
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Cast 4

3* 

Cast 4

3

* 5

Round

C(u, v)

6

6

2 (b)   ,  a,b = 0, ..., 7α(a) * αAlphaTable(a, b)   = 2 2

CosTable(a, b, c, d)   = Cos(a, b)  * Cos(c, d)   ,  a,b,c,d = 0, ..., 72 2 2

1: Byte
2: Multiplication Type
3: Auxiliary Type 1
4: Summation Type
5: Auxiliary Type 2
6: Int16

CosTable(u, v, 0, 0)  2 f(0, 0) CosTable(u, v, 7, 7)2 f(7, 7) AlphaTable(u, v)1  1  2

n-ary
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Figure 1. Program Flow
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È8É�Ê Ë.Æ�Æ�Ê ÌsÁÃ½?Í È8É�Ê ËRÆ�Æ�Ê ÌXÁµ½aÍ

Â1Î�Ï Ð�Ñ�Ò�Ð Ð�Ó�Ô	Õ Õ�Ð�Ö�Ò$× Õ�Ô	Õ Õ�× Õ�Ò Õ�Ð�Ö ×
Â\Õ�Õ�Ò Ð�ÒPÕ�Ô Ð�Ð�Ò$× Õ�Õ»Ö�Ð$Î Õ�Ï�Î Ø�Î�Ó Õ�Õ»Ö ×
Â1Ø�Ï Õ Ð$×�Ð�Î Ð$Ò�×�Ô Õ�Ò$Ö�Ð�Ô Õ�×�Ò Õ�Õ�Ø�Î Õ�Ò$Ö ×
Àk¾�À�Ù$Ú Ó�Ô�Ó�Ò Ó$Ò�Ò�Ï Õ�Ò$Ö�Ò$× ×�Ï�Ï Ò�Ô�Ó�Î Õ�Ò$Ö ×

Table 1. DFG level statistics: Probes , Ad-
ditions, Window sizes before and after opti-
mization

Û»Ü[ÝBÞ�ß�àUáPâ�ã�ä	ã	åEä�æTä	á	ç6ß�è"Þ�ÜYß�è�é'ä	ã�ê
Þ�Ü
Þ�ß0è�Ü8á	ë�ç
ê
ä3ß�à
ä
ß�è�éfäHì$ä	í?ç8èLì$ä	êUß�Þ�ì�äPâ�êzß�à
äAè�é'â�î�äAï"ì�Þ�éðß�à8äGê8è�ã�ñ#Þ�ì
à
Þ�ã�ßVè�Ü?ß�Þ[ë�Þ�áPâ�ëréfä	éfÞ�ì�ò�å.Ý8ç6ßVê
Þ[è"Ü
á	ë�ç
ê
äHÛ�ó�ôõß�è�éfä
ÝEä�ßtö>ä	ä	ÜYß�à
ä\÷
ì$Þ�á	ä	ã�ã�Þ�ì3â�Ü
ê#ë�Þ�áPâ�ënéfä	éfÞ�ì$ò�ø

ù à
ä{úTû�ü»ýþá	Þ?ê8ä�è�ã®÷Wâ�ì$ß�èLß�è�Þ�Ü
ä	ê�è�Üÿß�à8ä�éfÞ�ã�ß
ã�ß�ì�â�è�î�à?ß�ï`Þ�ì$ö,â�ì$êsöOâ	ò��_äPâ�á�à��mä	à
è�á	ë"ä3è"ã>é�â�÷
÷Bä	êXÞ�Ü?ß�Þ
Þ�Ü
ä����	�\ûHø�
>â�á$à�����\û�ã�áPâ�Ü
ãBß�à8ärè�Ü6÷8ç
ßEè"é'â�î�ä_â�Ü
ê
÷
ì$Þ�ê
ç
á	ä	ãJâ�ÜGè"é'â�î�äFÞ�ï8ö�è�Ü
Ü8è�Ü
îOã�á	Þ�ì$ä	ãrâ�Ü8êH÷8ì$Þ�ÝBä_ã�ä�ß
è�Ü
ê
è�á	ä	ã_ï`Þ�ì>èLß�ã_÷Zâ�ì�ß�è�á	ç
ë"â�ì��mä	à
è�á	ë�ä�ø ù à
ä0à
Þ�ã�ß>îmâ�ß�à
ä�ì$ã
ß�à
äDì�ä	ã�ç
ëLß�è�Ü8î'ê8â�ß$âsâ�Ü
êzá�ì$äPâ�ß�ä	ãVâ�ì$ä	ã�ç8ëLß0è�é�â�î�ä��3â�Ü
� Ý8èLß��mä�ì$ã�è�Þ�Ü'Þ�ï8ß�à
äOè"Ü6÷8ç6ßJè�é'â�î�äOö0èLß�àGß�à
äO÷
ì$Þ�ÝBä,ã�ä�ß
Þ�ï8ß�à
ä,à
è"î�à
ä	ã�ß<ã�á	Þ�ì$è�Ü8î\ö�è�Ü
Ü
ä�ìJã�ç6÷Bä�ì$è"éK÷BÞ�ã�ä	êHÞ��mä�ìFèLß
� ã�ä	ä��8î�ç6ì�ä�� � á�����ø

ù â�Ý8ë�ä��V÷
ì$Þ���è�ê8ä	ã1ê8â�ß$â��8Þ öNî�ì�â�÷8àUë�ä��mä	ënã�ß$â�ß�è"ã�ß�è�á	ã
ï`Þ�ì1ß�à8ä�ß�ä	ã�ß0ã$ç
èLß�ä�ø_Û»ß�ã�à8ÞPö�ãOß�à8äDÜ�ç
éDÝBä�ì1Þ�ïR÷
ì$Þ�ÝBä	ã	å
ß�à
ä�Ü�ç
éHÝEä�ìpÞ�ïfâ�ê
ê
èLß�è"Þ�Ü
ã#è�Ü~ß�à
äuã$ç
é ß�ì$ä	ä	ãPåGâ�Ü
ê
ß�à
äzö�è�Ü
ê8ÞPö ã�è��	ä�å\ÝBä	ï Þ�ì$ä�â�Ü
ê~â�ï`ß�ä�ìUÞ�÷
ß�è"éfè��Pâ�ß�è�Þ�ÜBø
ù à
è�ãsã�à
Þ ö�ã[ß�à8â�ß#Þ�÷8ß�è�éfè��Pâ�ß�è�Þ�Ü�ì�ä	ê
ç
á	ä	ã[ß�à
äQÜ�ç
éAü
ÝEä�ìKÞ�ï0÷
ì$Þ�ÝBä	ãKâ�ÝBÞ�ç6ßfÜ
è�Ü
ä�ß�ä	ä	Ü�ï Þ�ë�ê�â�Ü
ê�ß�à
ä[Ü�ç
éAü
ÝEä�ì�Þ�ïVâ�ê
ê
èLß�è�Þ�Ü8ã'â�ÝBÞ�ç6ßfß�ö,Þyï`Þ�ë�ênø�û0ÝBÞ�ç6ß��� "! Þ�ï
ß�à
ä	ã�ä�â�ê8ê
èLß�è�Þ�Ü
ãHâ�ì$ä�Þ�Ü8äfÝ8èLßGâ�ê
ê
èLß�è�Þ�Ü8ã	ø ù à
ä'Ü�ç
éAü
ÝEä�ì\Þ�ï_á	Þ�ë"ç
éfÜ
ã\è�ÜUß�à
äAö�è�Ü8ê
ÞPö²è�ã\á	Þ�éK÷Wâ�á�ß�ä	ê�ï`ì$Þ�é
ß�à
ä�ö0è�ê6ß�àXÞ�ïnß�à
ä\ë"â�ì$î�ä	ã�ß>÷8ì$Þ�ÝBä�ã�ä�ß �$#�% �Fß�ÞAß�à
ä3à
Þ�ì�ü
è��	Þ�Üaß$â�ënö�è�ê6ß�à[Þ�ï.ß�à
ä�ö�è"ê
ä	ã�ß,÷
ì$Þ�ÝBä �&% ��ø
�_ì$Þ�î�ì�â�é ä�æTä	á	ç6ß�è"Þ�Ü�ß�è�éfä'Þ�ÜQß�à
ä('�è�ë�ê
ã�ß$â�ìDè�ã � �

éfè�ë�ë�è"ã�ä	á	Þ�Ü
ê
ã	ø)
<æ6ä	á	ç6ß�è�Ü
îKß�à8äVä	í?ç8è*��â�ë"ä	Üaß3ý~á	Þ�ê
äVÞ�Ü
ß�à
ä+�Jä	Ü?ß�è�ç
é[å�ç
ã�è�Ü
îVß�à
ä-,Uè�á�ì$Þ�ã�Þ�ï`ß	.0ý0/1/~á	Þ�éK÷8è�ë�ä�ì
Þ�÷
ß�è�éfè��	ä	êUï`Þ�ì\ã�÷Bä	ä	êBåZß$â�ñmä	ã�2"�'ã$ä	á	Þ�Ü
ê
ã	ø430ä	Ü
á	äHß�à
ä
'�è�ë"ê
ã�ß$â�ì\è�ãVâ�ÝBÞ�ç6ß125 5 Xß�è�éfä	ã�ï}â�ã�ß�ä�ì�ß�à8â�Üzß�à
ä(�Jä	ÜTü
ß�è�ç
é[ø

ù à
ä	ã�äsß�è�éfä	ã'áPâ�Ü�ÝBä[ä�æ�÷8ë`â�è�Ü
ä	ê�â�ãfï Þ�ë�ë�ÞPö0ã	ø6�
Þ�ì
ß�à
ä�á	Þ�Ü7�8î�ç
ì�â�ß�è�Þ�Ü{î�ä	Ü8ä�ì�â�ß�ä	ê�Ý?ò²ß�à
ä�úTû1ü»ý á	Þ�éAü
÷8è�ë�ä�ìKï Þ�ìfß�à
ä[÷
ì�Þ�Ý8è�Ü
îzâ�ë�î�Þ�ì$èLß�à8é[å_ß�à
ä8�9��\û3ãfì$ç
Ü
â�ß % ��ø*�:,;3-��ø ù à8äs÷
ì$Þ�î�ì�â�é�è�ãKá	Þ�éf÷8ë�ä�ß�ä	ëLò�éfä	éAü
Þ�ì�ò³Û�ô ÝBÞ�ç
Ü
ê<� ä��mä�ì�ò á	ë"Þ?á$ñ�á�òTá	ë�ä�äPâ�á�à=���	��û

ì$äPâ�ê
ã3Þ�Ü
ä # �fÝWèLß1ö,Þ�ì$êBåEá	Þ�Üaß$â�è�Ü8è�Ü
îfßtö>Þ:�>�'Ý8èLß0÷8èbæ�ü
ä	ë�ã	ø û3ã�ß�à
ä�ì$ä®â�ì$ä � �?�>�A@B� # /C�>�1D � �� "� % �E� #
÷8èbæ6ä	ëHá	Þ�ë"ç
éfÜ
ãpß�Þ�ÝBä�ì�äPâ�êBåAß�à
äF�9��\û3ãQ÷Bä�ì$ï`Þ�ì�é
� �?�>��@:� # /A�>�?D � �> "� % �GD � � #"H �5�-I #KJL# � � J  5 5 Aì$äPâ�ê
ãPø
û,ß % ��ø*�M,;34��ß�à
è�ãOß$â�ñmä	ã �  �ø � éfè"ë�ë�è�ã�ä	á	Þ�Ü8ê
ã	ø

ù à
äN�Jä	Üaß�è�ç8éõ÷Eä�ì�ï`Þ�ì$é'ã � �?�>�-@O� # /P�>��D � �� "� % @
#�% /8�>�.ö�è"Ü
ê
ÞPö�â�á	á	ä	ã�ã�ä	ãPø�
Fâ�á$à'Þ�ï
ß�à
ä	ã�ä,ö0è�Ü
ê
Þ ö�â�á�ü
á	ä	ã�ã�ä	ãHè�ÜQ�mÞ�ë��mä	ãMR5�5R # ß�à6ì$ä	ã�à
Þ�ë"êQÞ�÷Eä�ì�â�ß�è�Þ�Ü
ã	ø�30ä	Ü
á	ä
ß�à
ä\è�Ü
Ü
ä�ì>ë�Þ�Þ�÷Xß�àWâ�ß>÷Bä�ì$ï Þ�ì$éfã>Þ�Ü
ä3ß�à6ì$ä	ã$à
Þ�ë�ê'Þ�÷Bä�ì�â�ü
ß�è�Þ�Ü[è�ãOä�æ6ä	á	ç6ß�ä	ê � �?�>�4@F� # /S�>�TD � �� "� % @ #�% /S�>�TD
R5�5R # I #KJ R5�5� JU% �?� J �� 5 �ß�è�é'ä	ã	ø ù à
ä0è�Ü
Ü
ä�ì$ë"Þ?Þ�÷�ÝEÞ�ê6ò
è�ÜYý�è�ãV�
W5X>YTZ\[�]5^`_M[5a"b5c�d5eQbTf\c�g<_h[�i�iKj�k
lKcmW�Wn]
o5p Y9fqb�e p f\c�g9f$[�g9f&r�g5sQcutQvVwKcml p>x iQb�e p f\c�gyf&[�g9f{z�g�g;|
o5p Y9fqb�e p f\c�g9f$[�g9f&^�g5sQcutQvVwKcml p>x iQb�e p f\c�gyf&[�g9f\}~g�gT_
� X���t p i�]�Z�lKc�W�W"���������"�>�����1lKcmW�W"a�|��������5�>�Gj�_
�

ö�à
ä�ì$ä�è"Ü ö�è�ê
ß�à�â�Ü
ê ù 34�+
,úG3xâ�ì$ä�á	Þ�Ü
ã�ß$â�Ü?ß�ã	ø
ù à
ä+.0ý0/1/Ná	Þ�éK÷8è�ë"ä�ì>è�Ü8ï`ä�ì$ã_ß�à8â�ßOû-�y�zß�à
ä\â�á	á	ä	ã�ã�ä	ã
ß�Þ1ß�à
ä>â�ì�ì�âPòVã�ä�ß.áPâ�ÜHÝBärê
Þ�Ü
ä_Ý?ò\÷BÞ�è�Ü?ß�ä�ì.è�Ü
á�ì�ä	éfä	Üaß�ãPå
â�Ü
ê�î�ä	Ü
ä�ì�â�ß�ä	ãXâ�Ü�è�Ü
Ü8ä�ìAë"Þ?Þ�÷�ÝBÞ�ê6ò�Þ�ïh��2Qè�Ü
ã�ß�ì�ç
á�ü
ß�è�Þ�Ü
ã	ø � ù à8è�ã1è�ã	å8Ý?ò[ß�à
äDö,âPò�åZéGç
á�àYÝBä�ß�ß�ä�ì3ß�à8â�Ü#ß�à
ä
�5�Kè�Ü8ã�ß�ì$ç
á�ß�è�Þ�Ü8ãOß�à8â�ß�ß�à8äDî�á	áGá	Þ�éK÷8è�ë�ä�ì�÷
ì$Þ�ê
ç
á	ä	ã0â�ß
Þ�÷
ß�è�éfè��Pâ�ß�è�Þ�ÜDã�ä�ß�ß�è"Ü
îOü»ô�2�ø�� ù à8ärß�Þ�ß$â�ë�Ü?ç
éHÝBä�ì.Þ�ï
è"ÜTü
ã�ß�ì$ç
á�ß�è"Þ�Ü
ã�ä�æTä	á	ç
ß�ä	ê�è�Üzß�à
ä'è�Ü
Ü
ä�ì�ë�Þ�Þ�÷�è�ã\ß�à
ä�ì�ä	ï`Þ�ì$ä
#KJ R5�5� JU% �?� J �� 5 (D1��2�I�25 J  # � J R %5%GJ  5 5 �ø#Û�ï_Þ�Ü
äfè"ÜTü
ã�ß�ì$ç
á�ß�è"Þ�ÜAö>ä�ì$ä�ä�æTä	á	ç6ß�ä	ê'÷Bä�ìrá�ò�á	ë�ä�å ß�à8è�ã<ö,Þ�ç
ë�êAÝ
ì$è"Ü
î
ß�à
ä_ä�æ6ä	á	ç6ß�è�Þ�ÜGß�è�é'ärß�Þ0â�ÝBÞ�ç6ß�R5�1ã$ä	á	Þ�Ü
ê
ã	øJû0ãRß�à
äFä�æ?ü
ä	á	ç6ß�è�Þ�Üpß�è�éfäGÞ�ïrß�à8äHö0à
Þ�ë�äV÷8ì$Þ�î�ì�â�é�è�ãN2"��ã�ä	á	Þ�Ü
ê
ã	å
ß�à
ä��Jä	Üaß�è"ç
é � âfã$ç6÷Bä�ì,ã$áPâ�ë"â�ì3â�ì$á�à
èLß�ä	á�ß�ç6ì�ä��,è�ã�â�á�ß�çTü
â�ë�ëLò�ä�æ6ä	á	ç6ß�è�Ü
î0éfÞ�ì$ärß�àWâ�ÜHÞ�Ü
ä>è�Ü
ã�ß�ì$ç
á�ß�è�Þ�Ü�÷Bä�ìRá�ò�á	ë�ä��

ù à
ä1ï}â�á�ß�Þ�ì$ã>á	Þ�Üaß�ì$è�Ý8ç6ß�è�Ü
î3ß�ÞDß�à
ä1ã�÷Bä	ä	êfê
è��Zä�ì$ä	Ü8á	ä
ÝBä�ß�ö,ä	ä	ÜHß�à8ä�'�è�ë�ê
ã�ß$â�ìJâ�Ü
êVß�à8ä��Jä	Üaß�è"ç
éNáPâ�ÜHÝBärÝ
ì�Þ�ü
ñmä	ÜYê
Þ ö�Ü#â�ã�ï Þ�ë�ë�Þ ö�ã	ø
� û3Ü8â�ëLòTã�è�ã\â�Ü
êQÞ�÷
ß�è�é'è��Pâ�ß�è�Þ�ÜT�0ß�à
äAá	Þ�éK÷8è�ë�ä�ì�à8â�ã

ì$ä	ê8ç
á	ä	êsß�à
äVÜ�ç
éHÝEä�ì1Þ�ï.÷
ì$Þ�ÝBä	ã1Ü8è�Ü
ä�ß�ä	ä	Ü[ï Þ�ë�êBø
� ý,Þmâ�ì�ã�äuî�ì�â�è�Ü&÷Wâ�ì�â�ë�ë�ä	ë"è�ã�é���ß�à
äO'�è"ë�ê
ã�ß$â�ìzä�æ?ü

ä	á	ç6ß�ä	ãyß�à6ì�ä	ä�÷
ì$Þ�á	ä	ã�ã�ä	ãPå�äPâ�á$à�÷
ì�Þ?á	ä	ã�ãyá	Þ�ì�ì$ä�ü
ã�÷BÞ�Ü
ê8è�Ü
î\ß�ÞAâ1�mä	à
è"á	ë�ä�å�è"Üf÷Wâ�ì�â�ë"ë�ä	ë
ö�è�ß�à
Þ�ç6ßFâ�Ü?ò
è�Ü?ß�ä�ì$ï ä�ì$ä	Ü
á	ä�ø

� ,pâ�ã�ã�è*�mä:�8Ü8äUî�ì�â�è"Üw÷Zâ�ì�â�ë�ë�ä	ë�è"ã�é��QäPâ�á$à�����\û
÷Bä�ì$ï Þ�ì$éfã²â�ë�ë�èLß�ã&ß�à6ì$ä	ã�à8Þ�ë�ê Þ�÷Bä�ì�â�ß�è"Þ�Ü
ã	å4à
è�ß
ã�ç8éfé'â�ß�è�Þ�Ü
ãPå
ß$â�Ý8ë�äVë"Þ?Þ�ñTç6÷8ã	åZâ�Ü
êYá	Þ�éK÷Zâ�ì$è�ã�Þ�Ü
ã
è�Ü{÷Wâ�ì�â�ë�ë"ä	ëvå'ö�à8ä�ì$äPâ�ã�ß�à8äS�Jä	Ü?ß�è�ç
é ÷Eä�ì�ï`Þ�ì$é'ã
ã�ë"è�î�àaß�ë�ò'éfÞ�ì$ä�ß�àWâ�Ü#Þ�Ü
äVè�Ü8ã�ß�ì$ç
á�ß�è�Þ�ÜX÷Bä�ì1á�òTá	ë�ä�ø

� %  



������K�U�n ¢¡L£m¤K¥¦£m§¦��¨�©Mª0«�£¬�£m§Q®U¯�¥¦°±¡L¥�§¦²�³�®(³�´"µ
®U¯�°�£m²0«�¯�¶5«¦£�¡0�m���K�U��¡u³�®U£�®U«·³�§�®U«¦£1¸�¬	¹�º-²m»

¼ ®��V³�§F½T£�³�¡L¶5¥¦£m¾F®U«�³�®�³�§6��¿¦®U¯�°�¯�Àm¯�§¦¶:³�§¦¾O¿·³�¡�Á
³�����£m��¯�Àm¯�§¦¶E�m�5°(¿�¯���£�¡O ¢��¡F³�¿�³�¡u³�����£m�(Â"�5§�Ã4£m¥¦°³�§¦§
°³��L«¦¯�§¦£��m�5¥¦��¾;³��L«�¯�£�Â"£M®U«¦£h²u³�°�£h¯�°(¿¦¡L��Â"£m°�£m§Q®U²N¯�§
®U£�¡L°�²��5 0®U«¦£�Ä¦¡u²�®1®ÆÅ�: Ç³���®U��¡L²V©³�§�³��*¨G²U¯�²�³�§¦¾È��¿¦®U¯ÉÁ
°�¯�ÀV³�®U¯��5§TÊË³�§�¾Ì�m�"³�¡L²U£(¶�¡u³�¯�§Í¿�³�¡u³�����£m��¯�²U°�»1Î4�VÅ£�Â"£�¡VÊ
®U«¦£���³�¡L¶5£m²U®h {³���®U��¡VÊy®U«�£�Ä�§¦£(¶�¡~³�¯�§n¿·³�¡~³�����£m��¯�²L°�Ê<¯�²�³
¾¦£�Ä�§¦¯�§�¶	¸�¬¹Nº��L«�³�¡~³���®U£�¡L¯�²�®U¯���»�ª�³��K¯�§�¶Ï®U«¦£�Ä¦¡u²�®<®ÆÅ�
 Ç³���®U��¡L²��5¥¦®N�5 �®U«¦£Ð£m¤?¥·³�®U¯��5§Í²�®U¯����9¶5¯*Â"£m²N®U«¦£Ð¸�¬	¹Nº4²
³Ð Ç³���®U��¡N�5 �Ñ�µ�²�¿T£m£m¾¦¥7¿��VÂ"£�¡4®U«¦£�¬�£m§?®U¯�¥¦°�»

Ò ÓÕÔyÖ�×7ØÆÙ)Ú�Û$ÔËÖ�ÜTÖ�ÝßÞ�Ù�à"Ù�á"âÈã=Ô<áQä

¼ §M®U«¦¯�²y¿·³�¿T£�¡yÅ£	«�³mÂ"£¯�§?®�¡L�K¾¦¥¦�m£m¾h®U«¦£)��¿�®U¯�°�¯�Àm¯�§�¶
å º0Á��æ�m�5°(¿�¯���£�¡N³�§�¾:«·³mÂ"£Ð²�®U¥¦¾¦¯�£m¾:³Õ�m�5°(¿���£~ç`Ê`¡L£m��£~Á
Â�³�§?®mÊ4¯�°³�¶5£:¿¦¡L�K�m£m²U²U¯�§¦¶F³�¿¦¿���¯��V³�®U¯��5§TÊ+¬�¡L��½�¯�§�¶GÊ-¯*®U²
¯�°(¿���£m°£m§Q®L³�®U¯��5§�¯�§ å º+Á��4Ê7¯*®U²Ï°³�¿¦¿·¯�§¦¶h®U�Ð¡L£m�m�5§7Ä�¶�Á
¥7¡u³�½���£�«�³�¡L¾7ÅÏ³�¡L£�ÊT³�§¦¾;¯�®U²+¿T£�¡L Ç��¡L°³�§¦�m£h¯�§:�m�5°(¿·³�¡�Á
¯�²U�5§�®U��³(�SÂ"£�¡L²U¯��5§��5 <®U«�£N¿¦¡L�5¶�¡u³�°B£~ç7£m�m¥7®U¯�§¦¶Ð�5§�³
¬9£m§?®U¯�¥¦°�»Ëèn£�«�³VÂ"£)³�§�³���¨K²U£m¾1®U«¦£� {³���®U��¡L²Ë�m�5°(¿�¡L¯�²U¯�§�¶
®U«¦£�¾¦¯�é�£�¡L£m§��m£�¯�§h¸9¬¹Nº6³�§¦¾M¬�£m§Q®U¯�¥�°æ¿T£�¡L Ç��¡L°³�§¦�m£�»
èn£�«�³mÂ"£1²L«¦�VÅ+§�®U«�³�®Ï®U«�£4¸�¬¹Nº-²+²U«¦�VÅæ³Ð�m�5§�²U¯�¾¦£�¡�Á
³�½���£�²�¿T£m£m¾¦¥7¿6³�²(�m�5°(¿·³�¡L£m¾6®U�Í®U«¦£�¬9£m§?®U¯�¥¦°�Ê)£�Â"£m§
Å+«¦£m§�¿¦¡L�5¶�¡~³�°�°�£m¾�¯�§�³�«¦¯�¶5«���£�Â"£m�<�¢³�§¦¶5¥�³�¶5£�»
¼ §M ¢¥7®U¥¦¡L£�Å��¡U�1Å£�Å-¯����"�m�5°(¿�³�¡L£�®U«�£�¿T£�¡L Ç��¡L°³�§¦�m£

�5  å º+Á��ê¶5£m§¦£�¡u³�®U£m¾ë¸�¬	¹Nºì�m�K¾¦£F®U��«�³�§¦¾ß�m�K¾¦£m¾
í Î4îNï�¯�°�¿���£m°�£m§?®L³�®U¯��5§¦²��5 4¡L£m��£�Â�³�§?®Õ¯�°Õ³�¶5£8³�¿¦¿���¯*Á
�V³�®U¯��5§¦²m»:º-��²L�GÊ�«�¯�¶5«A��£�Â"£m�	��³�§¦¶5¥·³�¶5£�³�¿¦¿�¡L�"³��L«¦£m²M®U�
¸9¬¹Nºð¾¦£�½�¥¦¶5¶5¯�§¦¶MÅ+¯�����½T£N�m�5§¦²U¯�¾¦£�¡u£m¾T»

ñ â�ò�â�á"â�Ö�×Gâ·Ú

óõôUö�÷�ø"øQù�ú?û�üþýþÿ���ý����Æû ���5ÿ
	���Nÿ����$ø������ ÷�ø"ø"ù>úQû>ü�ýÉÿ��
����� ��������� ����! �#"%$&"�'�"�(*)+"-,/.0(213.045�Cô768696��
:;:�:=<
>8?;?�>8@8ACB�D0EGFH<+D0FIA �ó J�öLK3�NMO�NPQ��R�ýþøGS9	Æû�øT�VU�ù�ÿ����LW)ù8X"ù9��÷�Y=W ÷�ü�S�û��Æý�	�Z�Nÿ�[
\ Z"ù>ÿ
�]���
�_^�ýÉø"ù�ü`W��uú?û9��	��aYC���bZQø5ý��uùVü`���uú?û9��	���÷�ü�üþýÉù�ø�	
Yc�7�bZ"ÿ���ÿ�	
�7Nÿ��G�$ø��8�d�3�ùI�(ô�6969JG�

ó emö]MO��P�ý��uø"ÿ�	ÆûG�bf*�����;g#�74ù>øT�;�h�;g#��Nù>øT�>ù>ø�X��i�9MO���j�&k
l ü�m3�
�9���#��R8�uü�û�ú���uø�	�û8n<üþù>ÿ
�7���qù9X"ù8��ù�	��	ùVü�S�û��Æý�	�Z34ÿ�[
\ Z"ù>ÿ
�9ýþý;kT4ýþü�ý�	qù9�
�Ïû�o;pq����	qÿ���Yc�7�bZ"ø5ýr�Lù�ü;���uú?û9��	��8�ù�	sZ;k
��Nù�	qý��uùVü�YC���bZ"ø5û>ü�û9S�ý��uÿ#�$ø������ \ �Æû0R�ýrXG�uø����8�hWOZ5ûGXG�]�$ÿ
k
üþù>ø�XT��t_�&	qû9o2���(ô76868u3� \ �
�~ú"ù8����Xvm"ø�XG�7�Lw)ù9�����x�	ýþù�k
4û>ø�XyU·ù9oQû��qù8	Æû��Æý��uÿ l û>ø�	s�qù9�&	{z�û2�O��÷)÷�UCu�JIk}|86�k l k
u8u9|"ô8�

ó ~Vö]����P��û9Z3���P_�i�_��ù�ú2�����a����z	ù0p�pÆù9����K2��w	ù8]��uÿ��
W���W�ýþø3f��������x� l ZQùI�9ù8	�ZG�9�hù�ø3X l �iW�û>ÿ�ÿ���t	øG��k

ÿ�	
�uú��Lû9Nú5ýþüþù8	Æýþû>ø û�nFýr4ù8S8� ú��qûG�&�~ÿqÿqýþø�S ù>ú"ú5üþý��uù0k
	Æýþû>øQÿ�	qû�^ \ g	÷)ÿ�� �$ø��
!`!`! �*�0�O���I�b��1G� �0(
�N�%"&4��0�%�='��s�8'�.0���].9�&4�"�� 1;�b�������`�0�#�21G����(���,/.8)+�;��(h"b�+�
� �=�c,¢¡ £8¤��3�ùI��J�u8uQô8�

ó ¥�öLK2� w	ù8]��uÿ ù�ø�X ��� P��û9Z3�� �*�3"
�G���b� ¦C.�(��813.���" � §2"�'+�+�%��( ¤9¨�£0� ô�68696��
:;:;:Q<+D;© <+D�FGª�F3©0«G>9«�¬H<}¬�8®2¯GD�>IA2¬�EGF�? �ó °möLK2�3w)ù9]i�~ÿ��2W��3W�ýþø�f8�����3���2P±�û�Z���?ù>ø�X{���3z	ù0p�pÆù8���
l ù8��7�Æû�øT[Ow)ýdS�Z�ü���R8�uüTüþù>øGS9mQù�S8�i�Uû9Nú5ýþüÉù�	Æýþû>ø�n�û9�����&k
�Uû�ø;²3S�m��qù9o5ü��	ÿ��5ÿ
	���Nÿ����$ø{�³�i�O�#¡ ´8´��³t_�&	��7ô�69686��

ó µ~öLK2�7W�û>ÿ�ÿCP=��R8���qýrXGS8�9�7P �sm��&�Q�±�qù>ú3�7���0�ù9��f_W��9�;	
��R9�uø"ÿ��
¶ �qýþÿ·��ý��qp
f�û�ù�ø�X�÷�üþü��uø¸w)ù>ø"ÿqû>øT� ÷ l û9����S>ýþÿ�	���ù0k
	Æýþû>ø�÷)ú"ú��qû>ù9�bZ¹	qûº�jm5ü�	ÆýÉÿ
�~ø"ÿqû9��Y�ù8��S8��	_WO���Uû9S>ø5ý�	Æýþû>ø
��ý�	�Z�MH»G	
�uøQÿÆýþû>ø"ÿO	Æû�M`»"ú5üþû�ý�	O�	ýdS>ýd	�ùVü¼MËü���Rmù�	qý�û�øº�ù�ú
�ù�	qù3� �$ø½ti�]^`ýr�qÿs�bZG�LýÉøT�º�7X5ýd	qû9���j�O"+)+�0(2(*.0�r��.�(*)+"b�
�21G'b¾0"���4d.0(h)s"&�/.�(*���3.�'¿��"&���#)sÀ�1G�r�b���¿�%��(Á$&��'x�Â��"ÄÃC(2�
�L.0(3(h"+��Å='���1G(*�Æ§*"s�G�%)&4d"��Gú"ù�S9�uÿ�J�eQô#Ç�J8°9¥��G��û9��S>ù>ø
¶ ù8mGn%4ù>ø"øT�¦ô7686;µ;�

ó |mö]��� \ ���s�
�9�i§hÈOÉ_¦�� �j�Ig_�qùI�=k�w�ýþü�ü��7ô�6968e3�
ó 6mö]Ê�ýþüþýþø;»T�*�$ø����º§C��'b��"sË�Ì�¨�Í³§x�H�%"�4d���2's���8'�.0���L.8��4d"{Å�.0�}"

�#'b'�.��I�&ÎÏ�='�"�45������(*.0'b�Ð�='��7�013)��¹Éi"&��)&'b� �*�¿�%��(3�vt_��	��
ô�696863� :;:;:=<�ÑhB8ª3B7?;ÑQ<+D8FIA �

Ò ´GÑ



ÓcÔ³ÕÂÕ�Ö&×0ØGÕÂØ;Ù�Ú�ÛÂÜjÝ;ÞGß�àqÝ�á

â=Ø;Ù&ã&ÛÂØGäÆåcÙ�Ø;å�Ø;Ù&ã&ÛÂØGäcÝ;Õ ã&Ø�æNçiè�çiéëê*Û%ßIì�à�í¼á

îïÛÂä³ä³ÛÂäcÞ�åcÙ�Ø;í�ß�ð�ßIã�à}×8á

Figure 2. Probing example

ñ�ò3ñ



Probeset 2

Probeset 1

Merged probe sets

probes common to the two probe sets

9 probes 6 probes

óqô�õ�ö*÷Cô�ø&ù¿ô;úHû�öhü

Compute and Shift 3, 5, 7

ó�ý¼õ_þQÿ��º÷�����ô;úNû�öhü

Shift 1

Shift 11

Shift 3

ó��8õ	�Ðù�
�������ô���������ù�
��

Figure 3. Optimizations as applied to Probing

�����



CAMERON PROJECT: FINAL REPORT

Appendix N: University of California Riverside Subcontract

244



245

CAMERON PROJECT FINAL REPORT

Subcontract to the

University of California Riverside

Walid A. Najjar

January 2002



246

Introduction
The research effort of the Cameron Project was expanded from Colorado State

University to the University of California Riverside when Prof. Walid Najjar accepted a
faculty position in the Department of Computer Science and Engineering at UCR in July
2000.

The research effort at UCR has been done in very close cooperation with the whole
Cameron team at CSU. It has continued some of the work that had already been initiated at
CSU and started some new avenues of research. The main areas of research activity in the
Cameron Project at UCR are:

1. Compile-time area estimation for FPGAs.
2. Compilation of SA-C programs to the UCI MorphoSys architecture.
3. Board-to-board transfer of video images using the Annapolis MicroSystems

WSDP I/O cards.
The first two areas have been supported jointly by the CSU Cameron sub-contract

($137,357 from 11/1/2000 to 3/31/2002) and by a joint NSF Grant with UCI (PI: F. Kurdahi,
Co-PI: W. Najjar and N. Bagherzadeh) Award No. 0083080 "ITR: Synthesis of Adaptive
Mission-Specific Processors" ($499,996 from 09-15-00 to 08-31-03, UCR sub-contract
$250,000). The third area has been supported exclusively by the CSU sub-contract.

Compile-Time Area Estimation
The SA-C compiler performs extensive optimizations whose objective is to improve the

overall execution time. Most of these optimizations have a very serious impact on the area
that would be utilized by the circuit being generated. For example, loop unrolling increases
the required area while bit-width narrowing and loop fusion tend to reduce it. The total area
on the FPGA, however, is finite and therefore the compiler needs to get some feedback as
to how much area is being used. An estimate of the area is usually provided by the
synthesis tool. However, the run-time of the synthesis tool for an average program is of the
order of minutes which is much too long for a compiler. Furthermore, using the synthesis
tool assumes that the compiler has completed its code generation of VHDL, whereas we
would like the estimation to be coupled with the optimization stage.

As part of the Cameron Project, we have developed at UCR a technique that can
provide a compile-time estimate of the area used by a program. The estimation is based on
the parameterized analysis of area utilized on the FPGA by each type of nodes in the
dataflow graph. The average error obtained by the estimation tool is less than 5% for large
programs and under 3% for small image processing operators. The estimator tool is
integrated with the SA-C compiler.

Compiling SA-C Programs for the MorphoSys Architecture
The rapid growth of silicon densities has made it feasible to deploy reconfigurable

hardware as a highly parallel computing platform. However, one of the obstacles to its wider
acceptance is their programmability. The application needs to be programmed in hardware
description languages or an assembly equivalent, whereas most application programmers
are used to the algorithmic programming paradigm. SA-C has been proposed as an



247

expression-oriented language designed to implicitly express data parallel operations. The
Morphosys project proposes a computer architecture, which consists of reconfigurable
hardware that supports a data-parallel, SIMD computational model. This paper describes a
compiler framework to analyze SA-C programs, perform optimizations, and map the
application onto the Morphosys architecture. The mapping process is static and it involves
operation scheduling, processor allocation and binding and register allocation in the context
of the Morphosys architecture. The compiler also handles issues concerning data streaming
and caching in order to minimize data transfer overhead. We have compiled some important
image-processing kernels, and the generated schedules reflect an average speed-up (in
execution times) of up to 6x compared to the execution on 800 MHz Pentium III machines.

Board-to-Board Video Streaming
The objective of this project is to simulate the input of a video camera into the FPGA of

a reconfigurable board (we are using the Annapolis MicroSystems WildStar board) by
streaming video images directly to the board from a file. The main advantage of this
techniques is that allows the exact same image streams to be repeated which is extremely
valuable in debugging a system. Our experimental setup is as follows:

1. A WildStar board (with three FPGAs Virtex E 2000 and 20MB SRAM) is hosted
in PC #1. A WSDP I/O Card (with a Virtex E 600 and 4MB SRAM) is attached
to the WildStar board as a daughter card.

2. A PCI Carrier card is plugged in PC #2 and has the same identical daughter
card attached to it.

3. A 24" Mictor cable connects the two WSDP cards.
The main idea is to transfer a video file from the disk on PC #2 to the FPGAs on the
WildStar board via the two daughter cards.

The main problem so far has been that the drivers for the AMS WSDP boards are
written for Microsoft Windows OS and we are using Linux OS for the Cameron Project as a
whole. We have been collaborating with the staff at AMS to fix that but so far we have been
unsuccessful.
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ABSTRACT
The rapid growth of silicon densities has made it feasible to deploy reconfigurable
hardware as a highly parallel computing platform. However, one of the obstacles to its
wider acceptance is their programmability. The application needs to be programmed in
hardware description languages or an assembly equivalent, whereas most application
programmers are used to the algorithmic programming paradigm. SA-C has been
proposed as an expression-oriented language designed to implicitly express data parallel
operations. The Morphosys project proposes a computer architecture, which consists of
reconfigurable hardware that supports a data-parallel, SIMD computational model. This
paper describes a compiler framework to analyze SA-C programs, perform optimizations,
and map the application onto the Morphosys architecture. The mapping process is static
and it involves operation scheduling, processor allocation and binding and register
allocation in the context of the Morphosys architecture. The compiler also handles issues
concerning data streaming and caching in order to minimize data transfer overhead. We
have compiled some important image-processing kernels, and the generated schedules
reflect an average speed-up (in execution times) of up to 6x compared to the execution on
800 MHz Pentium III machines.
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1. Introduction
Computer architecture and microprocessor growth has resulted in rapid increase in circuit
densities and speed of VLSI systems. Some of the CPU-intensive applications that were
previously feasible only on supercomputers, have now entered the realm of workstations
and PCs. The viability of reconfigurable hardware has also increased in the past decade
due to such improvements in VLSI technology. The systems rely on the dynamic
mapping of a program segment directly onto the hardware in order to take advantage of
the inherent data parallelism in the program. A common reconfigurable platform
deployed widely today is Field Programmable Gate Array (FPGA). DeHon [1][27] shows
that the computational density of FPGAs is much greater than that of traditional
processors. Consequently, the performance achieved by FPGA-based reconfigurable
architectures is a few orders of magnitude greater than that of processor-based
alternatives for some applications.
One of the application domains that can realize the advantages of reconfigurable
computing systems is image processing. A typical image-processing application is
characterized by inherent data parallelism, regular data structures with regular access
patterns. Such applications are very well suited for execution on reconfigurable hardware.

However, fine-grained reconfigurable platforms like FPGAs have a number of inherent
disadvantages:
• Ease of programmability: In most cases, reconfigurable computing systems still

require the manual translation of program into a circuit using a hardware description
language (HDL). This process is a significant hindrance to the wider acceptance of
this technology by application program developers, since most application
programmers are used to expressing the application at the algorithmic level in some
high-level programming language.

• Logic Granularity: FPGAs are designed for logic replacement. Consequently, for
applications where the data path is coarse-grained (8 bits or more), the performance
on FPGAs is inefficient.

• Compilation and Reconfiguration Time: Applications meant to execute on FPGAs
are, typically, written in a hardware description language like VHDL or Verilog.
Mapping such code onto FPGAs has to go through a number of compilation passes
which include logic synthesis, technology mapping, and placing and routing on the
target FPGA. This process takes a few hours to days for some applications.

Many coarse-grained reconfigurable systems [5], [17], [18], [19], [20], [21] have been
proposed as an alternative between FPGA-based systems and fixed logic CPUs. The
reconfigurable computing element in such systems is typically a specialized hardware
that is (usually) deployed as a co-processor.

The reconfigurable computing paradigm poses some new challenges and difficulties.
Hence, conventional compiler techniques may not apply directly to this situation. The
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research work in this thesis addresses the problem of compiling a program written in a
high-level language SA-C to the Morphosys architecture, consisting of a general-purpose
processor core and an array of reconfigurable processing elements.

The remainder of this chapter presents some background for this work, including a brief
overview of reconfigurable computing architectures, the SA-C language, the Morphosys
architecture, and some previous relevant research. The next chapter presents a brief
description of the approach to compilation adopted in this work. The third chapter
describes the entire mapping process in detail. The fourth chapter presents the
performance evaluation of the compiler-generated code. Finally, the last chapter presents
the conclusions and possible future directions.

1.1 Reconfigurable Computing Systems
The main idea behind reconfigurable computing is to avoid the “von Neumann
bottleneck” (the limited bandwidth between processor and memory) by mapping
computation directly into hardware. Such a system also has the ability to dynamically
change the hardware logic that it implements. Hence, an application can be temporally
partitioned for execution on the hardware. After one partition completes its execution the
hardware is reconfigured to execute the next partition. Thus, system designers can
execute more hardware than they have gates to fit. Reconfigurable computing systems
represent an intermediate approach between Application Specific Integrated Circuits
(ASICs) and general-purpose processors.

The most common way to deploy reconfigurable computing systems is to combine a
reconfigurable hardware-processing unit with a software programmable processor.
Reconfigurable processors have been widely associated with Field Programmable Gate
Array (FPGA)-based system designs. An FPGA consists of a matrix of programmable
logic cells with a grid of interconnect lines running between them. In addition, there are
I/O pins on the perimeter that provide an interface between the FPGA and the
interconnect lines and the chip’s external pins.

However, reconfigurable hardware is not limited to FPGAs. Several projects have
investigated and successfully built systems where the reconfiguration is coarse-grained
and is performed within a processor or amongst processors. In such cases the
reconfigurable unit is a specialized hardware architecture that supports dynamic logic
reconfiguration.

1.2 The SA-C Language
SA-C [9], [10], [11], [13], [12], [14], [15], [16] is a language with functional features,
and is a single assignment variant of the C programming language. It has been designed
with the following objectives:

• Easy expression of image processing applications with a high degree of
abstraction
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• Efficient compilation to hardware: The language constructs are such that they
expose the inherent parallelism in the program

The main features of SA-C can be summarized as follows:

• It is an expression-oriented language. Hence, every construct in the language will
have to return a value. Alternatively, every statement in the language is an
assignment statement.

• Its data types support variable bit-width precision for integer and fixed-point
numbers.

• The arrays in SA-C are true multi-dimensional arrays. Hence, any plane, slice,
row, column, window or element of the array can be accessed directly.

• The language is based on single-assignment. This means that variables cannot be
re-assigned. This feature makes it possible for the compiler to perform extensive
optimizations when mapping algorithms to hardware.

• There are no pointers in SA-C. However, since the language supports such
flexible array accessing patterns, other features of the language have satisfied the
usefulness of pointers. A number of standard image processing applications,
libraries and benchmarks have been written in SA-C in spite of this restriction.

• SA-C does not support recursion. This feature ensures that the algorithms can be
more easily mapped to hardware since there is no concept of “recursive
hardware”. Moreover, almost all recursive functions can be re-written as iterative
functions with loops.

• Multiple-value returns and assignments. In addition to being expression-oriented,
the language allows multiple values to be returned from an expression/statement.

• Image Processing Reduction Operators. The language supports a number of useful
image processing reduction operators (like histogram, median etc) that can be
applied to loops and arrays.

• Loops in SA-C are the most commonly used constructs. They are very special in
that they tend to inherently specify how the loop may traverse a particular array
and what kind of parallel operations it performs. The following section describes
SA-C loops in a little more detail.

A compiler for SA-C has already been developed that maps applications to multi-FPGA
based systems. The SA-C compiler supports a wide range of optimizations aimed at
producing an efficient hardware execution model. This is achieved by re-using previous
computations, eliminating unnecessary computations, reducing the storage area required
on the FPGA, reducing the number of reconfigurations, exploiting the locality of data and
therefore reducing the required data bandwidth from the host to the FPGA and finally
improving the clock rate of the circuit. These include traditional optimizations such as
constant folding, operator strength reduction, dead code elimination, invariant code
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motion and common sub-expression elimination. Other optimizations have been either
developed or adapted from vectorizing and parallelizing compilers as well as synthesis
tools. These include bit-width narrowing, loop unrolling, stripmining and loop fusion.

1.2.1. SA-C Loops
Every loop in SA-C has three components to it – the loop generator, the loop body and
the loop collector. A loop generator specifies what values are generated in each iteration,
and how many iterations the loop will perform. The loop collector generates a return
value for the loop expression, by combining, in various ways, values that are produced
within the loop.

There are 2 main types of loop generators – array-elementand window generators. An
element generatorproduces a scalar value from the source array per iteration. Awindow
generatorproduces a sub-array (of specified size) of the same dimensions as the source
image per iteration. Fig. 1.1 shows how a window generator in SA-C works. The example
shows windows of size 3x3 being generated from a source array (Image) of size 4x5.
Shaded portions of Fig 1.1(b) represent the different windows generated in different
iterations (the figure does not show all the iteration windows).

Every loop in SA-C must return one or more values that are described by the loop’s
collectors. There are two kinds of collectors –ConstructArrayCollector and
ReductionCollector. A ConstructArrayCollector returns an array whose elements
correspond to results from each iteration of the loop execution. AReductionCollector
applies some sort of an arithmetic reduction operation (like sum, product etc.) on the
range of values produced from each iteration, and returns the reduced value.
1.3 The Morphosys Architecture
Morphosys [2], [3], [4], [5], [6], [7] is a model for reconfigurable computing systems that
is targeted at applications with inherent data parallelism, high regularity and high
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for window w[3,3] in Image

(a)

Fig 1.1: (a) Syntax of a SA-C loop generating 3x3 windows from the source array,Image
(b) The shaded portion ofImagerepresents the value ofw in various iterations
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throughput information. Most applications that fit this profile fall under the domain of
image processing.

The Morphosys architecture consists of five main components – the Tiny RISC core
processor, the Reconfigurable Cell Array (RC Array), the context memory, the frame
buffer and the DMA controller.

1.3.1. Tiny RISC
Tiny RISC is a MIPS-like core processor with a 4-stage pipeline. It has 16 32-bit registers
and three functional units – a 32-bit ALU, a 32-bit shift unit and a memory unit. An on-
chip data cache memory minimizes accesses to external memory. The Tiny RISC
processor handles general-purpose operations and controls the execution of the RC Array
through special instructions added to its ISA [6]. Through DMA instructions, it also
initiates all data transfers to or from the frame buffer and the loading of configuration
program into the Context Memory. RC Array instructions specify one of the internally
stored configuration programs and how it is broadcast to the RC Array. The Tiny RISC
processor is not intended to be used as a stand-alone, general-purpose processor.
Although Tiny RISC performs sequential tasks of the application, performance is mainly
determined from data-parallel processing in the RC Array.

1.3.2. RC Array
The RC Array consists of an 8x8 matrix of processing elements called the reconfigurable
cells. Each RC cell consists of an ALU-Multiplier, a shift unit, input multiplexers, and the
context register. In addition to standard arithmetic and logical operations, the ALU-
Multiplier can perform a multiply-accumulate operation in a single cycle. The input
multiplexers select from one of several inputs for the ALU-Multiplier:

(1) One of the four nearest neighbors in the RC Array,
(2) Other RCs in the same row/column within the same RC Array quadrant,
(3) The operand data bus, or
(4) The internal register file.

Tiny RISC core
processor

Frame Buffer
(2K x 128)

DMA
Controller

RC Array
(8 x 8)

Context Memory
(512 x 8 x 32)

Main
Memory

Fig 1.2: The Morphosys Architecture
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The context register provides control signals for the RC components through the context
word. The bits of the context word directly control the input multiplexers, the
ALU/Multiplier and the shift unit. The context word determines the destination of a
result, which can be a register in the register file and/or the express lane buses. The
context word also has a field for an immediate operand value.

1.3.3. Context Memory
The Context Memory stores the configuration program (the contexts) for the RC Array. It
is logically organized into two partitions, called Context Block 0 and Context Block 1.
By its turn, each Context Block is logically subdivided into eight partitions, called
Context Set 0 to Context Set 7. Finally, each Context Set has a depth of 512 context
words. A context plane comprises the context words at the same depth across the Context
Block. As the Context Sets are 512 words deep, this means that up to 512 context planes
can be simultaneously resident in each of the two Context Blocks. A context plane is
selected for execution by the Tiny RISC core processor, using the RC Array instructions.

Context words are broadcast to the RC Array on a row/column basis. Context words from
Context Block 0 are broadcast along the rows, while context words from Context Block 1
are broadcast along the columns. Within Context Block 0 (1), Context Setn is associated
with row (column)n, 0 <= n <= 7, of the RC Array. Context words from a Context Set
are sent to all RCs in the corresponding row (column). All RCs in a row (column) receive
the same context word and therefore perform the same operation. It is also possible to
selective enable a single context set (and therefore, row/column) to be active in any given
clock cycle. This demonstrates the SIMD/MIMD hybrid model of the RC Array. It
supports SIMD-style execution within each row/column, while different rows (columns)
can execute different operations.

1.3.4. Frame Buffer
This is a streaming buffer and is part of a high-speed memory interface. It has two sets
and two banks. It enables streamlined data transfers between the RC Array and main
memory, by overlapping computation with data load and store, alternately using the two
sets.

The frame buffer is an internal data memory logically organized into two sets, called Set
0 and Set 1. Each set is further subdivided into two banks, Bank A and Bank B. A 128-bit
operand bus carries data operands from the Frame Buffer to the RC Array. This bus is
connected to the RC Array columns, allowing eight 16-bit operands to be loaded into the
eight cells of an RC Array row/column (i.e., one operand for each cell) in a single cycle.
Therefore, the whole RC Array can be loaded in eight cycles.

The operand bus has a single configuration mode, called interleaved mode. In this mode
the operand bus carries data from the Frame Buffer banks in the order A0, B0, A1, B1, ...,
A7, B7, where An and Bn denote the nth byte from Bank A and Bank B, respectively.
Each cell in an RC Array column receives two bytes of data, one from Bank A, and the
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other from Bank B. Results from the RC Array are written back to the Frame Buffer
through a special “result bus”.

1.3.5. DMA Controller
The DMA controller performs data transfers between the Frame Buffer and the main
memory. It is also responsible for loading contexts into the Context Memory. The Tiny
RISC core processor uses DMA instructions to specify the necessary data/context transfer
parameters for the DMA controller.

1.4 Motivation and Problem Definition
The SA-C language has been designed specifically for easy expression of image
processing applications, and for efficient, automatic translation of high-level programs to
reconfigurable computing systems. However, the current SA-C compiler addresses
FPGAs as the reconfigurable computing element. Morphosys has been developed as a
reconfigurable computing architecture targeted at image processing applications as well.
Currently, all applications must be hand-coded in assembly and loaded into the processor.

This research work aims at alleviating the ease of programmability of the Morphosys
architecture by allowing automatic mapping of SA-C programs onto the architecture. In
the process, the compiler must be able to analyze the source SA-C program, partition the
program for execution on the Tiny RISC processor core and the RC Array, and generate a
near-optimal assembly-level schedule for execution on the Morphosys architecture, while
taking advantages of the features of the architecture.

1.5 Previous work
Computing systems with reconfigurable architectures can be classified by the kind of
reconfigurable computing fabric that they use. Field Programmable Gate Arrays (FPGAs)
have been widely used as the reconfigurable fabric in many research efforts [11], [24],
[28], [29], [30], [31]. There has also been significant work in the area of non-FPGA
based reconfigurable computing architectures. In the latter case, the reconfigurable
computing element is some specially designed form of configurable computing hardware
[5], [17], [18], [19], [20], [21].

1.5.1. Compiling to FPGA-based systems
Many research efforts have focused on automatically trying to map algorithms that are
written in a high-level language to FPGAs. Some of these works have focused on
defining a new language that can be more easily mapped to FPGAs, while still
maintaining the level of abstraction that is important to algorithm writers. In most of the
work in this field, the main focus of the compiler is to partition the high-level algorithms
temporally, and then, spatially, in order to fit them on the FPGAs for execution.

In [28], [32], the approach is to generalize the reconfigurable elements of the architecture.
The base platform is a multi-FPGA system (Annapolis MicroSystems Wildforce
platform). The resources available in this base architecture can be parameterized through
an architectural description file. The system consists of a host processor and the
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reconfigurable system as specified above. The source language is Graph Description
Language (GDL). This language is closer to the data flow graph representation of the
program and is intended to be an intermediate form as opposed to a human interface.
Given the source (GDL) program and the resource constraints as input, the compiler
temporally partitions the program to satisfy resource constraints. Spatial partitioning will
then map the partitions produced by temporal partitioning onto the multiple FPGAs.
Simulated annealing algorithms are used to select the most desirable partitions.

Streams-C [33] is a language that is a restricted version of C. The framework proposes a
compilation system, based on the SUIF compiler infrastructure, for automated mapping
of algorithms onto FPGAs. There is particular emphasis on extensions that facilitate the
expression of communication between parallel processes.

In Cameron [11], [12], [10], a program written in SA-C (a high-level language) is
compiled directly to a multi-FPGA system (like AMS Wildstar). The approach is to
convert the program into an equivalent dataflow graph. Compiler optimizations like loop
unrolling, loop strip-mining, and loop-carried common sub-expression reuse are applied
in addition to other traditional compiler optimizations like copy propagation, common
sub-expression elimination. Frequently executed codes (mostly loops) are identified as
the partitions that will be mapped onto the FPGAs. Finally, the program is automatically
converted to VHDL code that can be mapped onto the FPGA system.

In [29], the approach is to leverage parallelizing compiler technology based on the
Stanford SUIF compiler. The architecture is made of a general-purpose processor (GPP)
core and several configurable computing units (CCUs). The source program can be either
C or MATLAB. The compiler identifies those portions of the program that can be
executed on the CCUs and partitions the program accordingly based on resource and
timing requirements. The code that can be executed on the CCUs is usually identified as
parallelizing loops, and vector-style SIMD computations. Each partition is then scheduled
to execute on the CCUs and control for the partition is usually a finite state machine
(FSM) that executes on the GPP.

A lot of work has also been applied in solving particular problems involved in mapping
algorithms to FPGAs. These efforts focus on a specific problem in the mapping process
and propose heuristics and algorithms that attempt to optimally solve these problems.

The NIMBLE [24] compiler is a framework for compiling C codes to VHDL targeted at
FPGAs. The work addresses the problem of temporal partitioning of applications
intended to run on FPGAs as a hardware-software partitioning problem. The NIMBLE
compiler is designed to preprocess the application to extract candidate loops (kernels)
that can be scheduled to execute on the FPGAs. In addition to preprocessing, profiling the
kernels is necessary to determine the optimizations that are best suited for the targeted
hardware. The work proposes a heuristic algorithm to select from the candidate kernels;
those that will execute on the FPGAs and those that will execute on the general-purpose
host CPU, such that the execution time for the whole application is minimized.
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In [30], [34], the work addresses the problem of mapping loop constructs to a generic
reconfigurable architecture. In particular, the approach aims at minimizing
reconfiguration overhead by optimally scheduling the reconfigurations. The loop is
represented as a kernel with a set of operations each of which is associated with a
configuration cost. The work is aimed at coming up with an optimal solution that
searches the solution space in polynomial time using dynamic programming.

On a related front, [31] proposes a model to perform near-optimal temporal partitioning
of a given application that is intended to execute on a multi-FPGA system like the AMS
Wildforce board. The application is specified as a task graph, which is really a dataflow
graph whose nodes represent tasks/operations with given execution latencies. The target
reconfigurable hardware is parameterized in terms of resource constraints and
reconfiguration costs. Integer Linear Programming Model is used to find near-optimal (in
terms of execution time) temporal partitions of the application that can be mapped to the
target hardware.

1.5.2. Compiling to Non-FPGA based Systems
Most non-FPGA systems, are based on a special configurable computing hardware
component that is generally attached as a co-processor to a general-purpose core
processor. Compiling to these kind of systems is a not as generic a problem as compiling
to FPGA-based systems. This is because FPGAs have almost become standard hardware
elements. In non-FPGA based systems, the reconfigurable computing element would
pose special problems that are specific to the concerned hardware. Hence, the
compilation approach needs to be closely related to the kind of reconfigurable
architecture.

The Garp [19], [35] architecture consists of a general-purpose architecture and a
reconfigurable array of computing elements (common logic blocks or CLBs), and is
designed to function as a general-purpose architecture. This approach draws heavily from
compiling techniques for VLIW processors. The compiler aims at exploiting fine-grained
parallelism in applications by scheduling frequently executed instruction sequences (the
trace-scheduling technique from VLIW compilers) for execution on the array. The source
program is converted to an equivalent data flow graph, which is then partitioned into
modules and hyperblocks, which are a group of basic blocks that expose ILP. This data
flow graph is further optimized and is implemented as a fully spatial network of modules
in the array; hence, every operation gets its own hardware. Further compiler analysis is
performed which can then pipeline loops and add pipeline registers where necessary.

CHIMAERA [21], [36] is a RISC processor with a reconfigurable functional unit (RFU).
The compiler recognizes frequently executed sequences of instructions that can be
performed on the RFU, and creates new operations (RFUOPs) based on them. To do this,
three important compiler optimizations are performed – control localization (to remove
branches), SIMD within a register (to maximize parallelism by identifying loop bodies
and optimizing the data access within the loop) and finally, frequently executed basic
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blocks are transformed into an RFUOP. The SIMD-within-a-register optimization is
interesting because it partitions a register into fields that perform the same operation but
on different data. However, this approach has a lot of limitations because of restricted bit-
width and the kind of operations that it can perform.

PipeRench [20] is an interconnection network of configurable logic and storage elements.
The PipeRench compiler introduces the idea of pipelined reconfiguration where the
application’s virtual pipe stages are first analyzed and then optimally mapped to the
architecture’s physical pipe stages to maximize execution throughput. The source
language, Dataflow Intermediate Language (DIL), is characterized by the single-
assignment paradigm and configurable bit-widths. The compiler flattens the application’s
dataflow graph and then uses a greedy place-and-route algorithm (that runs in polynomial
time) to map the application onto the reconfigurable fabric.

The RAW microarchitecture [18], [37] is a set of interconnected tiles, each of which
contains its own program and data memories, ALUs, registers, configurable logic and a
programmable switch that can support both static and dynamic routing. The tiles are
connected with programmable, tightly integrated interconnects. The proposed compiler is
meant to partition program execution into multiple, coarse-grained parallel regions. Each
parallel region may execute on a collection of tiles. The size and the number of these
regions are determined by compiler analyses that take into account the resource
restrictions. Then, static schedules are generated for each such execution thread. These
schedules are designed to exploit fine-grained parallelism and minimize communication
latencies. The compiler is implemented using the Stanford SUIF compiler infrastructure.

The RaPiD architecture [17], [38] is a field-programmable architecture that allows
pipelined computational structures to be created from a linear array of ALUs, registers
and memories. These are interconnected and controlled using a combination of static and
dynamic control. RaPiD-C is proposed as a programming language to specify the
application that is to be executed on the RaPiD architecture. The language, however,
requires the programmer to explicitly specify the parallelism, data movement and
partitioning. Hence, partitioning is inherent in the language itself – outer loops specify
time and inner loops specify space. It turns out that an application written in RaPiD-C is
very close to a structural, hardware description of the algorithm. Hence, compiling a
RaPiD-C program essentially involves mapping this RaPiD-C description onto a
complete structural description consisting entirely of components in the target
architecture.

The Morphosys group has done some work [8] in the area of synthesizing algorithms (in
the form of data flow graphs) to reconfigurable hardware. Like [26], the work is aimed at
addressing the problem of scheduling the kernels within an algorithm in such way as to
minimize reconfiguration overhead and maximize data reuse. A typical complex
application is composed of a sequence of kernels. Each kernel is characterized by the
amount of configurations it needs and the data it executes over. Almost every kernel has
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its own unique configuration (context) data. However, the (input) data it works on can be
common to more than one kernel - hence, a lot of opportunity for data reuse. Also, some
kernels will have to be executed after others because of data dependences. Given an
application with the above characteristics, an exploration algorithm is proposed to search
the space (composed of different execution orders (or schedules) of the kernels) in order
to produce the best linear schedule (of kernels to be executed) in terms of minimum
execution time. The approach aims at minimizing context re-loading, and maximizing
data re-use while keeping execution time low.

1.5.3. Other Work
Kennedy et. al. [26] have focused on automatic translation of Fortran programs to Fortran
8x programs that are meant to be executed on vector computers like Cray-1. Fortran 8x
allows the programmer to explicitly specify vector and array operations. Although their
work is similar to our work with respect to exploiting implicit SIMD parallelism, the
architecture of vector computers is very different from the Morphosys architecture. In
particular, the reconfigurable element of Morphosys is an array (RC Array) of processors.
Each processor of the array has its own register file, which can be accessed by other
processors via an interconnection network. Hence, issues in instruction scheduling and
register allocation are more complex.
1.5.4. This Work
The main focus of this work is to build a compiler framework to translate SA-C programs
into an execution schedule that can be mapped to the Morphosys reconfigurable
architecture. A typical image-processing application consists of a number of kernels
(loops). A kernel is, typically, a set of computationally intensive operations performed in
a loop. We focus on discrete (non-overlapping) loops (or kernels) in the program, and
map them for execution on the reconfigurable element. This will provide the execution
characteristics (execution latency, and configuration memory requirements) that are
necessary to optimally schedule multiple kernels in the same application as per the
techniques described in [8].

The mapping process, itself, is similar in nature to the architectural synthesis of
algorithms. Each loop is analyzed as a set of operations, which require a certain number
of resources for execution. Algorithms that perform operation scheduling, processor
binding, and register allocation in the context of the Morphosys computational model are
applied to produce a complete execution schedule.

Data transfer and caching can make significant differences in the overall execution of the
program. The compiler uses a simple strategy to pre-fetch data, so as to overlap most data
fetching (and data storing) with computation.

The compiler is evaluated by comparing the execution times of some common image-
processing kernels on Morphosys to execution on an 800 MHz PentiumIII. An average
speed-up of 6x is observed among the benchmarks used.
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The compiler presented here aims at maximizing the benefits of the computation model
presented by the Morphosys architecture, under the restrictions and resource constraints
presented by the architecture and the language.

This work concentrates on producing an instruction schedule that exploits the SIMD
computational model of Morphosys, and identifies and exploits parallelism at a fine- and
coarse-grained level. The focus of the compiler is to build a framework to map asingle
kernel onto the reconfigurable hardware for efficient execution. This objective is
orthogonal to those addressed in [24], [8], [22], where the focus is on optimalinter-kernel
scheduling. Also, the techniques proposed in [17], [20] can be used to optimally pipeline
the schedule generated by our compiler.
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2. Compiler Framework Overview
This chapter gives a brief overview of the entire compilation process.

Fig 2.1 shows a top-level view of the functions of the compiler. The compiler takes a SA-
C source program as input and generates two files as output – the Tiny RISC assembly
code and the configuration contexts. The configuration contexts represent the list of
operations that will be performed by the RC Array during the execution of the program.
These contexts are stored in the context memory of the Morphosys architecture. The Tiny
RISC instruction set architecture (ISA) contains instructions to direct the rows/columns
of the RC Array to perform the operation represented by a particular context. The Tiny
RISC assembly code that is generated will contain such instructions that will control the
execution flow of the RC Array based on the contexts that are generated. Hence, the Tiny
RISC assembly code represents the control code that drives the execution of the whole
program, while the configuration contexts are just a list of the operations that need to be
performed by the RC Array to execute the given program. This chapter briefly describes
the entire compilation process.

2.1 Flow of Compilation
Code partitioning determines which segments of the program will execute on the RC
Array and which will execute on the Tiny RISC processor. The focus of this work is to
completely map a given kernel (Fig. 2.2) for execution on the RC Array. All sequential
code (outside loops) and code for synchronization and control are mapped for execution
on the Tiny RISC.

SA-C source program

Compiler

TinyRISC assembly Configuration contexts

Inputs

Outputs

Fig 2.1: Overall objective of the compiler
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Fig. 2.3 shows the flow of compilation. The right-side branch of compilation after code
partitioning (Fig. 2.3) represents the compilation of code that is not within loops. This
phase of code generation is, essentially, similar to that of traditional compilers. The left-
side branch represents the heart of this compiler.

Input Image

Inner Loop
(kernel)
Computations

Result Image

Synchronization
and control

Frame Buffers

RC
Array

Frame Buffers

Tiny RISC

Fig 2.2: Mapping kernels to Morphosys
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The process of generating the detailed execution schedule is referred to as “loop
synthesis” throughout this document and is described in detail in the next chapter. The
compiler, first, performs a number of tasks that prepare the program graph for loop
synthesis.
2.1.1. Function Inlining
Since SA-C does not support pointers or recursion, every function in SA-C can be
inlined. Inlining a function ensures that the context, within which a function is called, is
exposed. This makes a difference during code partitioning as a particular function can be
called from either within a loop or from outside a loop, and this will determine whether

Hierarchical Loop Synthesis

SA-C source code

Code Partitioning

Loops

Code outside loops

Conventional compiler
optimizations

Register Allocation

TinyRISC code generation

TinyRISC assembly code

Function Inlining

Transformation to
Context Codes

Conventional compiler
optimizations

Operation Scheduling

Register Allocation

Resource Allocation and
Binding

Loop Body Optimizations

Code Generation

RC Array Context Configurations

Fig. 2.3: Flow of Compilation

Control code
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the particular function will be mapped to the RC Array or to the Tiny RISC processor.

The loops in the SA-C program get mapped onto the RC Array for execution. Hence, as a
requirement, every simple node within a loop must have a one-to-one correspondence to
a RC Array Context code.

2.1.2. Transformation to Context Codes
Most of the operations within a loop will usually directly correspond to an RC Array
context code. However, at times, the operation is implicit and may be associated with a
group of graph nodes. For example, the ABSOLUTE context code is designed to
determine the absolute value of a given number. In the HDFG representation, this
operation does not present itself directly. The two most common ways of writing the
ABSOLUTE operation in code are:

Int8 x = a > 0? a: -a; .. (1)

Int8 x = a > b? a–b: b–a; .. (2)

During the optimization phase, the compiler essentially performs a pattern-matching pass
to find such candidate groups of nodes that can represent an ABSOLUTE operation, and
transforms such nodes.

On the other hand, there may be certain nodes in the HDFG representation that do not
directly correspond to any of the RC Array context codes. For examples, there are no
context codes that correspond to MAX, MIN or SQRT. These operations can, however,
be represented as a sequence of context codes that have the same effect. In such cases, the
operation execution latencies of these nodes are updated to reflect the time required to
execute this sequence of contexts. Ordinarily, for all other operations that directly
correspond to an RC Array context code, the execution latency of the operation is 1 clock
cycle.

For example, aMIN(A,B) operation can be computed using RC Array context codes as
follows:

D=A+B;

C=A-B;

If sign(C) then E=D+C else E=D-C

Hence, the latency of a MIN (and similarly MAX) operation is assumed to be 3 clock
cycles.

The interesting operation to implement is SQRT. The compiler uses the Friden Algorithm
[39] to implement the square root functionality. It assumes that all numbers in the
applications that execute on Morphosys are 8-bit numbers. Given that we need to
compute the square root of an 8-bit number, the Friden Algorithm computes in constant
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time. This algorithm has been converted to a sequence of RC Array context codes to
compute the square root of any 8-bit number. The execution latency of the algorithm is
50 clock cycles. Although this latency value may seem large, it can easily be amortized
over multiple computations (remember that the RC Array functions as per the SIMD
computation model).

2.1.3. Conventional Compiler Optimizations
Apart from the optimizations mentioned above, the compiler also performs certain
conventional optimizations. Note that these optimizations are again directed at the code
within loops.

• Conversion of Multiplications and Divisions to Shifts
• Common Sub-expression elimination
• Constant Folding and Constant Propagation
• Dead Code Elimination

2.2 Hierarchical Data Flow Graph
The Hierarchical Data flow graphs (HDFG) are used as intermediate representation in the
compiler. These graph representations are similar in structure to the data dependence
control flow (DDCF) graphs [15], with certain differences that reflect the nature of the
Morphosys architecture. It is a convenient representation for performing compiler
optimizations and for analysis in the mapping process.

An HDFG is an acyclic, directed, data flow graph, where some nodes can have sub-
graphs within them. This hierarchical property preserves the program semantics. Fig.
2.4(a) shows an example of a SA-C program that computes the following function:

R[x][y] = ÿÿ
+

=

+

=

2 2

]][[
x
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y

yb

baA
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Fig. 2.4(b) shows the equivalent C program and Fig. 2.4(c) shows the equivalent HDFG
representation. The SA-C program has 2 loops. The outer loop contains a window
generator that produces 3x3 windows from the source image,A. The inner loop contains
an element generator, which produces scalar values from the generated window. Its loop
collector is aReductionCollectorthat performs a summation. Essentially, the inner loop
computes the sum total of each window generated. The outer loop creates an array whose
elements are the summation values produced from the inner loop. Hence, the outer loop
contains aConstructArrayCollector.

Fig 2.4: SA-C Loop Example that performs the following function:

R[x][y] = ÿÿ
+

=

+

=

2 2

]][[
x

xa

y

yb

baA

(a) The SA-C source code
(b) equivalent C code
(c) equivalent HDFG representation for a program that performs the following

Int8[8,8] f(int8[8,8] A) {
Int8[8,8] R =

For window w[3,3] in A {
Int8 x = For e in w
return (sum(e));

} return (array(x));
} return R;

FunctionNode

ForAllNode

ForAllNode
ElementGenerator

ConstructArrayCollector

A

R

SumReductionCollector

WindowGenerator

For (I=0; I<M; I++) {
For (J=0; J<N; J++) {

For (X=I; X<(I+3); X++) {
For (Y=J; Y<(J+3); Y++) {

R[I][J] += A[X][Y];
}

}
}

}

(a)

(b) (c)
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3. Hierarchical Loop Synthesis
The objective of this phase is to analyze each loop, perform optimizations, and generate a
complete, efficient execution schedule that specifies the temporal ordering of each
operation, where on the RC Array each of the operation will execute, and which results
are written to which registers within the RC Array. The RC Array provides extensive
support for the SIMD computation model. Hence, the goal of the compiler is to exploit
the benefits of the RC Array by scheduling the loop code for execution on the Morphosys
architecture, while adhering to its computational model.

In general, the RC Array can be visualized as an array of programmable computing
elements. Hence, in the trivial case, a data flow graph can be mapped to the RC Array
using traditional architectural synthesis techniques. However, the number of computing
elements is limited and the computation model is not as flexible as a general
programmable logic array. Also, it is important to be aware of the structure and the
restrictions of the source language in which the application is expressed – this will really
govern the kind of programs the compiler has to deal with. Hence, a framework is
designed, based on the characteristics of the language as well as the RC Array, to
automatically map the loops for execution on the RC Array.

3.1 Hierarchical Approach
All code in the SA-C program is statically scheduled for execution by the compiler. The
compiler adopts a hierarchical approach to solve the problem of mapping SA-C loops.
Loops are synthesized based on their relative position in theloop hierarchy. The
innermost loop is defined to be at the bottom of the loop hierarchy. The compiler’s
approach is to synthesize the inner most loop, and then recursively move up the loop
hierarchy until the outermost loop is synthesized. The compiler framework defines
different execution models based on the loop’s generator. This section examines different
loop generators and describes the strategy used in synthesizing their loops.

3.2 Problem Analysis
In general, the problem of mapping loops to the RC Array is treated as a generic
architectural synthesis problem, which is concerned with mapping algorithms to
hardware. Hence, given the SA-C program, the compiler determines which operations
will be executed on which resources and in which execution cycle. In this context, a
resourceis defined to be one row (or column) of the RC Array. This is due to the SIMD
nature of the RC Array – in a particular clock cycle, all the cells in a particular row (or
column) shall only perform the same operation. Hence, there is a total of 8 resources (8
rows) that is available in any given clock cycle. The objective of the compiler scheduling
is to maximize the resource usage in every clock cycle. Hence, loops are always unrolled
when executing on the RC Array so that multiple iterations are executing in any given
clock cycles.
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Each node (or operation) within the loop is marked with its execution latency times and
resource requirements. For the loop body of an innermost loop, these numbers are pre-
defined. Once an inner loop is synthesized, these numbers for the loop itself can be
recursively inferred.

3.3 Loops with Element Generators
Loops with element generators are generally the innermost loop of any loop hierarchy. Its
loop body is a function of a particular element of the source array. There are no data
dependences between iterations, and there are no common computations between
iterations. The loop is unrolled in both the horizontal and vertical direction so as to
process 64 loop iterations in a single RC Array iteration. Execution of every loop
iteration is performed on a single RC Array cell. Hence, the resource-binding problem is
trivial and is obviated.

3.3.1. Operation Scheduling
The operation-scheduling problem reduces to scheduling a data flow graph onto a single,
sequential processor. There is only one constraint that needs to be considered in
scheduling these loops. Certain operations within the loop may be data fetch operations,
whose source data inputs reside in the Frame Buffer. As per the Morphosys architecture,
only one row (or column) can perform a data fetch operation in a given cycle.
Alternately, only 8 elements can be fetched from the Frame Buffer in any given cycle. To
accommodate this constraint, such operations are identified, and their operation latency
numbers are tweaked to eight times their actual latencies. Finally, the compiler uses the
ASAP (“As Soon As Possible”) scheduling algorithm to schedule operations. This
algorithm schedules operations as soon as their source data inputs are available.

3.3.2. Register Allocation
A simple register allocation strategy is used which keeps track of the free registers, and
allocates registers to intermediate results of operations, as and when required. Register
spills are handled by writing the values to the Frame Buffer.

3.4 Loops with Window Generators
Perhaps the most important part of the SA-C language is itswindow generators, which
are useful in expressing a number of common image processing applications in an elegant
way. This kind of a loop allows a window to “slide” over the source array producing sub-
arrays of the same rank (dimensions) as the source array.
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Fig. 3.1 shows a snapshot of a windowing loop from the example in Fig. 2.4. The loop

generates a 3x3 window in each iteration of the loop. Hence, every 3x3 window in the
loop is the input data for a separate iteration. The inner loop body transforms this window
into a single pixel (corresponding to the sum total of elements in the iteration’s window)
in the resultant image.

In spite of the SIMD computational model of the RC Array, all the iteration windows
present in the RC Array cannot be computed concurrently. This is because some of the
elements are part of multiple iteration windows. For example, element A13 is a member of
3 iteration windows – A11, A12 and A13. However, execution of windows A11 and A14 can
be performed concurrently. Similarly, windows A12 and A15 can also be executed
concurrently.

Hence, non-overlapping windows can be computed in parallel. Specifically, all windows
that are separated by whole multiples of the window size are computed concurrently.
Hence, iteration windows corresponding to elements A11, A14, A41, and A44 are computed
concurrently. Then, iteration windows corresponding to elements A12, A15, A42, and A45

are computed concurrently, and so on. There are a total of 36 iteration windows in the RC
Array, and sets of 4 iterations can be executed concurrently. After all the 36 iterations are
completed, the next chunk of 64 elements is brought into the RC Array.

This framework can be generalized for any loop generating windows of size MxN. The
RC Array processes (8-M+1) iterations in the horizontal dimension and (8-N+1)
iterations in the vertical dimension, for a total of [(8-N+1) x (8-M+1)] iterations between
successive data fetches. The following sections describe how this strip-mined version of
the loop is synthesized. The compiler assumes that all window generators produce
windows that are smaller than or equal to an 8x8 window in size. Since most standard
image-processing applications work within this constraint, this is a reasonable
assumption to make.

A11 A12 A13 A14 A15 A16 A17 A18

A21 A22 A23 A24 A25 A26 A27 A28

A31 A32 A33 A34 A35 A36 A37 A38

A15’s window

A16’s window

A14’s window

A12’s window

A13’s window

A11’s window

R11 R12 R13 R14

R21 R22 R23 R24

Inner loop

Operations

Source Image Result Image

Fig. 3.1: Snapshot of windowing
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3.4.1. Windowing Loop Optimizations
Fig. 3.2 shows a simple program that computes the resultant array,R, for any two given
arrays,A andB. The program can be summarized by the following function:

R[x][y] = ÿÿ
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=

+

=

2 2

])][[*]][[(
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y

yb

baBbaA

The windows generated in two separate iterations of this loop have some common sub-
expressions. Fig. 3.3 shows the pictorial view of two iterations of this loop. The
computations “A12 * B12” and “A13 * B13” are performed in both iterations and are
common sub-expressions.

Int8[:,:] R =
For window wa[3,3] in A

dot window wb[3,3] in B {
Int8 asum =

For a in wa dot b in wb
return (sum(a * b));

} return (array(asum));

Fig 3.2: Windowing Loop example
(a) SA-C code
(b) C code

For (I=0; I<M; I++) {
For (J=0; J<N; J++) {

R[I][J] = 0;
For (X=I; J<(I+3); X++) {

For (Y=J; Y<(J+3); Y++) {
R[I][J] += A[X][Y] * B[X][Y];

}
}

}
}

(a) (b)
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In general, whenever a particular element of the source array appears in multiple
windows generated, there could potentially be common sub-expressions. In order to
eliminate these common sub-expressions, the windowing loop must be unrolled so as to
expose all dependencies across iterations.

The number of iterations of the windowing loop that need to be unrolled is equivalent to
the number of overlapping iterations. For a loop generating MxN window with steps of
sh and sv in the horizontal and vertical dimensions respectively, the number of
overlapping iterations,NI, is given by:

NI = ceil(N/sh) * ceil(M/sv)

Where ceil(n) returns the largest integer lesser than or equal to n.

However, for window sizes greater than 4 in either direction, it is not possible to fetch all
the data corresponding toNI windows into the RC Array. Consider a window size of 5x5.
The first window in each row corresponds to column 1, and the last window will begin on
column 5 and end in column 9. Hence, this requires a total of 9x9 elements, whereas the
total size of the RC Array is 8x8. For such windows, there will be a total of (8-N+1)
iterations that need to be analyzed. However, if the source array (of size IX * IY, say) is
smaller than the RC Array itself, then the number of windows is equivalent to (IY-N+1).
Hence, the number of iterations,NI, is modified as follows:

X = MIN(IX, 8)
Y = MIN(IY, 8)
H = ceil[{MIN(N , Y – N + 1)}/sh]
V = ceil[{MIN(M , X – M + 1)}/sv]
NI = H * V

B11 B12 B13 B14

B21 B22 B23 B24

B31 B32 B33 B34

A11 A12 A13 A14

A21 A22 A23 A24

A31 A32 A33 A34

* ** * **

SUM_REDUCTION SUM_REDUCTION

Common Sub-
expressions

Two distinct
loop iterations

Figure 3.3: Common Sub-expressions
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The compiler analyzes theseNI iteration windows and eliminates all redundant sub-
expressions. This gives rise to dead code, which is eliminated as well.

At the end of this optimization pass, there will beNI distinct data flow graphs
corresponding to each iteration. However, there may be somecross-edgesbetween these
data flow graphs that represent the re-use of computation. These edges are synthesized
into registers during the register allocation phase.

This optimization pass only unrolls an element-generating loop that may be embedded
within it. If another windowing loop is embedded within this windowing loop, then the
inner loop is not unrolled, and is treated as a compound node and is not considered as a
candidate node during this optimization pass. This is because analyzing a windowing
loop in this manner produces iterations of the order O(n2). A windowing loop that
encloses another windowing loop will have to analyze O(n2) iterations, where each
iteration is an iteration of the windowing loop and contains another O(n2) iterations.
Hence, opening inner window-generating loops in this manner would result in
exponential growth.

3.4.2. Loop Synthesis
Once the optimizations specified in the previous section are performed, each windowing
loop will be associated withNI different loop iterations. These iterations may be different
because of redundant computations that may be eliminated. To synthesize the inner loop
of the windowing loop, each of these iterations must be separately synthesized. Hence,
the synthesis techniques discussed in the following sections will be applied toeachof the
NI iterations. These iterations are never executed concurrently. Hence, the final schedule
would just be a linear ordering of each iteration’s schedule.

3.4.2.1 Inference of Operation Latencies and Resource Requirements
Before using the synthesis techniques mentioned in this section, it is required to assign
operation latencies and resource requirements to each node (operation) within the loop.
All simple nodes will already have been assigned pre-determined latencies and resource
requirements.

The top-most loop in the loop hierarchy is always assigned a resource requirement of 8 –
this will ensure that the loop will attempt to fully use all the resources available in the RC
Array. A windowing loop can have an element-generating loop and/or another
windowing loop embedded within it. The resource requirement for an inner loop is
defined to be “the vertical dimension of the window generated by its parent loop”. This
will ensure that the inner loops will attempt to fully utilize the data exposed by the outer
loop. Figure 3.4 shows an example program (a), and its HDFG representation (b). Each
loop in the HDFG is annotated with its resource-requirement (RR) assignment.
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3.4.2.2 Operation Scheduling
The operation-scheduling problem for a windowing loop is defined as finding a schedule
that executes in minimum time under two constraints - the availability of resources and
the RC Array execution mode. There are two modes of execution on the RC Array – row
mode and column mode. In any given clock cycle, only one mode of operation can be
active. However, a node could be scheduled to execute over both modes through multiple
clock cycles. Concurrent operations must all execute in the same modes throughout each
operation’s lifetimes.
The operation scheduling algorithm itself is known to be NP-complete, and usually
heuristic algorithms are used. One popular heuristic is theList Schedulingalgorithm. The
compiler uses an extension of this algorithm that attempts to schedule nodes on the
critical path as early as possible. A node is scheduled only when there are sufficient
resources available and when the node’s execution mode does not conflict with the
execution mode of the schedule generated thus far.

The schedules thus generated (for each of theNI iterations) are then linearly ordered to
complete the execution of all the iterations that are present in the RC Array. Each set of
data fetched into the RC Array is subjected to these execution schedules. For a

Int8[:,:] R =
For window win[5, 5] in Image {

Int8 res =
For window w[3, 3] in win {

Int8 x =
For elem in w
Return (sum(elem));

} return (sum(x));
} return (array(res));

ForAllNode RR: 8

ForAllNode RR: 5

ForAllNode RR: 3
ElementGenerator

SumReductionCollector

Image

R

SumReductionCollector

WindowGenerator (5x5)

WindowGenerator (3x3)

ConstructArrayCollector

(a) (b)

Fig. 3.4: Resource Allocation: for Loop Hierarchies is based on the vertical dimension
of the window generated by the parent loop (is 8 for outer-most loops. Example of: (a)
SA-C program, and (b) its equivalent HDFG representation
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windowing loop generatingMxN windows, the total execution time,T, of the loop over
an image of size, [h, w], is given by:

Let S = Size of the source image in any dimension
Let Dt = Distance between first element of two successive data fetches

= Number of windows in that dimension, NW * Window step in that dimension, st
Then, number of data fetches in that dimension = S/Dt

Number of windows in any dimension, NW = ceil[( X – W + 1)/st]
Where X = MIN(Wp, 8)

W = window size in that dimension
Wp = source image size in that dimension (= 8 if outermost loop)

Hence, total Data fetches, D = Dh * Dv
Where Dh = Data fetches in horizontal dimension

Dv = Data fetches in vertical dimension

Execution time of window loop, T = D *
where ki = Latency of the ith iteration’s schedule.

3.4.2.3 Resource Allocation and Binding
The RC Array is divided into four quadrants each of size 4x4. A given RC cell can
directly access only the cells in the same row and column as itself. Further, these other
cells need to be in the same quadrant as itself. In Fig. 3.5, for example, cell R22 can
directly access (in the same clock cycle) cells R12, R32, and R42 in the vertical dimension,
and cells R21, R23, and R24 in the horizontal dimension. Accessing any other cell would
incur a communication penalty.

The objective of
resource allocation is
to minimize these

communication latencies. To solve this problem, a special graph is created, where the
nodes are operations and edges between nodes indicate “affinity to sharing a resource”
between the two nodes. These edges, calledshareableedges, are added as follows:

• Operation-pairs scheduled to execute concurrently don’t share any edge.

R11 R12 R13 R14 R15 R16 R17 R18

R21 R22 R23 R24 R25 R26 R27 R28

R31 R32 R33 R34 R35 R36 R37 R38

R41 R42 R43 R44 R45 R46 R47 R48

R51 R52 R53 R54 R55 R56 R57 R58

R61 R62 R63 R64 R65 R66 R67 R68

R71 R72 R73 R74 R75 R76 R77 R78

R81 R82 R83 R84 R85 R86 R87 R88

Fig 3.5: RC Array Connectivity
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• All other operation-pairs (that are not scheduled for concurrent execution) share
an edge.

• Two nodes that have a direct data-dependence (i.e. an edge in the data flow graph)
are assigned a higher weight (say k) than all other nodes (default weight is 1).
This is because the result of one operation is the input operand of the other. There
will be no communication penalty if the two operations share the same resource.
Hence, a weight on an edge gives more importance to it.

Another type of edges, calledclosenessedges, is also added to the graph. These edges
reflect the condition when two nodes are assigned to different resources; however, these
resources must be as close to each other as possible. Consider an operation,op, which
needs two operands that are produced as results of operations,op1 and op2. Then,op1
and op2 must be scheduled as close to each other as possible in order to avoid the
communication penalty. These edges are added as follows:

• If the operands of a node are produced by two different operations, then these two
(source) operations will share aclosenessedge between them

• The weight on thisclosenessedge is accumulated if moreclosenessedges are
generated between the same two nodes.

The graph thus generated is subject to CLIQUE_PARTITIONING1. There are two
different objectives that need to be satisfied during resource allocation – resource sharing
(based on theshareable edges) and assignment of resources close to each other
(closenessedges). To satisfy these seemingly orthogonal objectives, the compiler
performs two levels of clique partitioning:

• Perform CLIQUE_PARTITIONING based on theshareableedges. A cluster of
nodes thus formed will indicate the nodes that should share a resource.

• Create a new graph by collapsing each clique into a single, unique node.
• Perform CLIQUE_PARTITIONING on this new graph based on thecloseness

edges.Super-clustersnow formed represent a group of nodes, which need to be
assigned resources as close together as possible.

One of the components of the CLIQUE_PARTITIONING problem is to find the maximal
clique in the graph (MAX_CLIQUE). This problem is known to be NP-complete. The
compiler uses a heuristic to solve it – the clique containing the node with the maximum
number of edges is assumed to be the best candidate for the maximal clique.

In the end, the graph is a set of “super-cliques”, where each node in the super-clique
represents a clique from the first level of clique partitioning. When every clique in the
super-clique has been assigned a resource, all the operations within that clique will share
this resource. The compiler uses a heuristic in assigning resources to the cliques within a

1 CLIQUE_PARTITIONING is a popular graph-partitioning algorithm. Aclique is defined as a fully

connected sub-graph.
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super-clique. It tries to keep the clique with largest “closeness requirements” (equal to the
sum total of all weights on itsclosenessedges) as close as possible to every other clique
within its super-clique.
3.4.2.4 Register Allocation
Register Allocation strategy for windowing loops use the same strategies as used by
element-generating loops. However, after performing common sub-expression
elimination, values (represented bycross-edges) may be forwarded to other iterations.
Register allocation is performed in two phases. First, common computation results that
are forwarded between iterations are allocated to registers. These registers will be
required throughout the entire loop execution between data fetches. Then, registers are
allocated to each (of theNI) iterations. However, these registers are alive only during the
particular iteration’s execution.

3.5 Data Pre-Fetching and Caching
One of the principal hindrances to achieving higher performance is the memory-CPU
bandwidth. The factor has been taken into consideration in the design of the Morphosys
architecture. The Frame Buffer in the architecture is designed to perform the function of a
“streaming cache”. It consists of two sets, each of which, in turn, is made up two banks.
The DMA controller sets up direct data transfers between the main memory and the
Frame Buffer.

The design of the Frame Buffer is such that its two sets can be independently accessed at
the same time. Hence, while data is being loaded into one set, the RC Array can fetch
data from the other set. Thus, computation can be overlapped with data transfers, thereby
reducing the memory latency.

To implement this kind of strategy, the compiler analyzes the concerned kernel’s rate of
data consumption (implying data loading), its rate of data production (implying data
storing), and its execution latency, and inserts data pre-fetch instructions in appropriate
places in order to reduce the memory latency.

Consider a kernel withNi streaming inputs, andNo streaming outputs. Assume that the
compiler generated schedule for the kernel has an overall execution latency ofT cycles.
Further, assume that this kernel consumes a data slab of sizeMxN and produces output
slabs of sizesP1, P2, …., Po for each of theNo outputs. Memory latency for a typical
execution cycle2 is made of the time to fetch data for the next execution cycle and the
time to write back the results of the previous execution cycle. Hence, the total execution
time for an execution cycle is given by:

Actual Execution Time,Tactual = MAX(T, Tmem(Ni * (M*N) + Σ P))
whereTmem(X) is the memory latency for fetchingX data elements.

2 A cycle in this context does not refer to the clock cycle. It refers to an “execution cycle” during which the
kernel performs all its computations on the given input data slab. It can be thought of as an equivalent of
one (or more) loop iterations.
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The compiler computes these latencies and inserts the data-fetch instructions in the
execution cycle prior to the one that needs them, and write-back instructions in the
execution cycle following the one that produces them.

The delay due to memory latency exists only if theTmemcomponent of theMAX function
is bigger thanT. An interesting observation is that the memory latency does not depend
directly on the size of the Frame Buffer. The Frame buffer need only be big enough to
house all input data required in and output data produced by an execution cycle (which is
easily satisfied for most benchmarks). This implies that for the execution of a single
kernel, the speed of data transfer, and not the size of the cache buffers, is the principal
bottleneck. However, [8] discusses an exploration algorithm that analyzes many such
kernels, and based on their execution latencies, and data consumption and production
rates, determines a schedule for kernel execution as well as data transfer. In this context,
a particular data structure (element) may be accessed multiple times by multiple kernels.
Hence, the algorithm examines the trade-offs between executing multiple kernels using
the same set of data, and running each kernel to completion, one at a time. In the former
case, once a data set is loaded, it satisfies all its consumers (kernels). However, each
kernel’s configuration code may have to be loaded multiple times. In the latter case, each
kernel’s configuration code needs to be loaded only once, but data sets may need to be re-
loaded. In this context, the size of the pre-fetch cache will make a significant difference.
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4. Performance Measurements
This chapter discusses the performance measurements of applications compiled for the
Morphosys architecture. In addition, it also evaluates the efficiency and benefits of the
loop optimizations that are performed by the compiler. It first describes the framework
and methodology used to evaluate the performance of the compiler. Then, the
representative applications that have been used for the purpose of measurement are
described, and finally, the results are presented.

4.1 Experimental Framework
The approach used to test the efficiency of the compiler is to examine the performance of
the instruction schedules generated by the compiler for certain sample applications
written in SA-C. These applications are also executed separately, using the same test
data, under Windows 2000 on an 800 MHz Pentium III platform. For this purpose, the
applications are written in native C code and are compiled using the VC++ 6.0 compiler
with the highest level of optimizations turned on. The results of the two execution times
are compared and contrasted. The chapter also presents comparison between optimized
and unoptimized schedules to examine the usefulness of the compiler loop optimizations.

4.2 The Applications
The test applications used for the purpose of performance evaluation represent important
application kernels from the image-processing domain. These applications are chosen to
describe a variety of behavior. Hence, these applications differ in the type of the loops
they contain and also in the kind of inner loop computations that need to be performed.

4.2.1. Wavelet Compression
Wavelets are commonly used for multi-scale analysis in computer vision, as well as for
image compression. Honeywell has defined a set of benchmarks for reconfigurable
computing systems, including a wavelet-based image compression algorithm. The
wavelet program has been translated into SA-C, generalized to operate on any size image.
The algorithm works on 5x5 windows of the source image.

4.2.2. Prewitt Edge Detection
This is an edge detection program that calculates the square root of the sum of the squares
of responses to horizontal and vertical Prewitt edge masks. Since this same task can be
performed using the Intel Image Processing Library (IPL), the results can be compared
with that of a hand-optimized Pentium program.

The Prewitt edge detection masks are one of the oldest and best understood methods of
detecting edges in images. Basically, there are two masks, one for detecting image
derivatives in X and one for detecting image derivatives in Y. To find edges, a user
convolves an image with both masks, producing two derivative images (dx & dy). The
strength of the edge at any given image location is then the square root of the sum of the
squares of these two derivatives. (The orientation of the edge is the arc tangent of dy/dx.).
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This particular implementation of the algorithm works on 3x3 windows using 3x3
horizontal and vertical masks.

4.2.3. Motion Estimation for MPEG
Motion estimation helps to identify redundancy between frames in an MPEG video
stream. The most popular technique for motion estimation is the block-matching
algorithm [22]. This algorithm is one of the kernels in the MPEG-4 compression
algorithms.

4.2.4. 2D Convolution
This a common application used in digital signal processing. It computes the linear
convolution of every 3x3 window in the source image with a 3x3 kernel size. This
algorithm is a part of the Intel Image Processing Library (IPL) as well as the Vector,
Signal and Image Processing Library (VSIPL). VSIPL forum is a volunteer organization
made up of industry, government, users, and academia representatives who are working
to define an industry standard API for vector, signal, and image processing primitives for
embedded real-time signal processing systems.

4.3 Results
All applications were executed using 8-bit 512x512 source image (s). The Morphosys
processor runs at a clock frequency of 200 MHz. Figure 4.1 compares the compiled codes
running on Morphosys with execution on the Pentium platforms. The execution time is
specified in seconds.

While the runtime performance of theConvolutionandMotion Estimationon Morphosys
is comparable to that on Pentium, Morphosys outperforms Pentium inWaveletand
Prewitt. This is becauseConvolutionand Motion Estimationare small applications that
are pre-dominantly I/O-bound. In contrast,Wavelet and Prewitt are computationally
intensive kernels, and they reap big benefits from SIMD computational model of
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Morphosys.
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Figure 4.1: Runtime Performance Comparison

Fig 4.2 shows the effect of performing loop optimizations (the execution time is specified
as number of clock cycles). The only application that does not benefit is theMotion
Estimationkernel. This is because the application works on an element-generating loop,
and the iterations of element-generating loops are all independent of each other. Hence,
there is no opportunity to perform any of the inner loop optimizations.
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5. Conclusions and Future Directions

5.1 Conclusions
This thesis presents a methodology and framework that enables the efficient compilation
of applications written in a high-level language to a reconfigurable computing
architecture. In particular, the compiler aims at extracting the data parallelism at a coarse-
and fine-grained level in a given application, and producing an instruction schedule that
explicitly reflects a SIMD computational model. It describes how an image-processing
application written in SA-C is partitioned and how it can be executed on the Morphosys
architecture. In doing so, it describes how data parallel semantics of the program are
identified, analyzed and mapped for execution on the RC Array of the Morphosys
architecture.

It describes the synthesis approach of the mapping process, which performs operation
scheduling, resource binding and register allocation, in order to produce an execution
schedule. In the process, a number of algorithms that need to be used in the mapping
process are proposed. Also, different compiler optimizations are proposed that could
potentially improve the execution time of applications on the target platform. It also
discusses the data transfer and caching issues that could greatly alleviate memory
latencies.

The previous chapter presents performance results that show that the compiler-generated
schedule can achieve an average speedup of up to 6x for the tested benchmarks. Also, it
shows that the loop optimizations performed by the compiler could potentially produce
significant improvements in the execution times.

5.2 Future Work
The work presented here is a first step in the direction of automatic compilation for the
Morphosys platform. It presented an approach to efficiently analyze the computation-
intensive kernels in image-processing applications, and map them onto the RC Array of
the platform. There are, however, a number of issues that could be addressed as the next
possible steps for improving this process:

• Inter-kernel Analysis: The current model is designed to analyze a single
computational kernel in a given image-processing application, and then map it to the
Morphosys architecture for near-optimal execution. A standard image processing
application like Automatic Target Recognition (ATR), for example, may have a
number of different kernels, which may interact with one and other. Issues like
maximizing data re-use, and minimizing reconfiguration time are critical to an
optimal execution schedule. Some research efforts [21, 23, 28] have already looked
into this, but special analysis is required in the context of the Morphosys architecture.
Hence, a future step would be to incorporate these issues into the current compiler
model.
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• Exploration: The current compilation model to map loops is to fit as many loop
iterations in the RC Array as is possible. This is done by unrolling and stripmining the
loop iterations as much as necessary. However, it may sometimes be beneficial to
restrict this unrolling, so that other operations within the loop body could be
performed concurrently. The compiler has to decide the optimal unrolling/stripmining
factor that might produce the best schedule in terms of execution times. For this
purpose, the compiler may have to produce a number of different schedules and
compare their execution times.

• Pipelining: In the current model, the compiler adopts a bottom-up approach to
synthesize the different nodes within a loop. In the process, compound nodes are
created that are annotated with execution times and resource requirements. When
scheduling these nodes, the compiler devotes all the resources that the compound
node needs to it for the entire duration of its execution latency. However, it may be
the case, that the node may not need all of these resources for the entire duration of
the operation. As a next step, the compiler could analyze such situations, and either
pipeline such operations to optimally use all the resources.

• Extending the Compilable domain: Currently, only a restricted subset of the whole
SA-C language can be mapped to the Morphosys architecture. A number of reduction
operators, loop generators and language semantics have not been analyzed. The main
reason for this is that currently only the most essential features that need to be
mapped onto the RC Array has been analyzed. Moreover, some of the language
features cannot be directly mapped to the Morphosys architecture as yet. For
example, the SA-C language supports variable bit-width precision and extracting a
column slice or a plane from an array. Currently, these features cannot be
implemented on the Morphosys architecture.
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ASAP Scheduling
Inputs:

• A flat data flow graph,G, with annotated nodes3.
Constraints:

• Respect data dependences and program semantics.
Outputs:

• An execution schedule4.
Method:

ASAPSchedule(G) {
Cycle= 0;
While (G is not empty) {

Determine Ready Ops5, Opready;
Randomly pick an op,O, from Opready;
ScheduleO for execution atcycle;
Cycle= Cycle+ O’s execution latency;

RemoveO from the graph;
}

}

3 An annotated nodeis defined to be a node whose operation latency is available.

4 An execution schedulespecifies which clock cycle each node in the graph will begin execution.

5 A ready opis defined to be a node (or operation) whose data dependences have been satisfied.
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Windowing Loop Optimizations
Common Sub-Expression Elimination
Inputs:
• Data flow graph,G, generated as described above.
Outputs:
• Optimized graph,G’.
Constraints:

• Maintain program semantics
Method:

CSE(G) {
Change= TRUE;
While (Changeis TRUE) {

Change= FALSE;
Find a set of identical nodes6, S;
If (S is not empty) {

FromS, find nodeN from the earliest iteration.
Replace every node inS(exceptN) as follows:

Delete all input edges coming into the node
Replace every output edge going out of this node

with an edge that starts atN
and ends where the replaced edge ends.

Delete the node itself
Change= TRUE;

}
}

}

Dead Code Elimination
Inputs:
• Data flow graph,G’, generated after performing common sub-expression elimination.
Outputs:
• Optimized graph,G’’ .
Constraints:

• Maintain program semantics
Method:

DeadCodeElimination(G) {
Change= TRUE;

6 Two nodes are identical if the nodes represent the same operation and their operands are the same. Note

that this does not apply to loop nodes.
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While (Changeis TRUE) {
Change =FALSE;
Find node,N that is not a data write-back node and

that has no output edges.
If (N exists) {

Delete all incoming edges ofN.
DeleteN.
Change =TRUE;

}
}

}
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Extended List Scheduling Algorithm
Inputs:

• Data Flow Graph of the windowing loop’s body,G, where each node is annotated
with its execution schedule (RC Array context mode information), and resource
requirements.

Outputs:
• Execution schedule,S, for an iteration of the windowing loop.

Constraints:
• Only 8 resources (rows) available each cycle
• All operations scheduled in a given cycle must execute in the same RC Array

mode (either row or column).
Method:

OpScheduling(G){
Cycle =0;
Resource Usage Vector,V = 0;
RC Array Execution Mode Vector,CM = undefined for all cycles;
While (G is not empty) {

Determine list of Ready Ops7, U;
List of examined ops,E = 0;
Do {

Determine op (not present inE), op, with largest slack8;
If (resource availability9 to executeop not satisfied) {

E = E U op;
Break;

}
If (all alternate schedules ofop produce context clashes10) {

7 A ready opis defined to be a node (or operation) whose data dependences have been satisfied.

8 Slackof an operation is defined as the longest path from the operation to then of the dataflow graph. This

can be done by performing ALAP (as late as possible) scheduling; and subtracting the current cycle from

the node’s position in the ALAP schedule.

9 Resource Availability for an operation can be checked by ensuring that the operation’s resource

requirements are less than the available resources (resource usage vectorV) in every cycle starting from the

current cycle to the (current cycle + operation’s execution latency) cycle.
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E = E U op;
Break;

}
Scheduleop for execution in cycleCycle;
L = op’s execution latency;
R = op’s resource requirements;
For I = Cycleto (Cycle+ L) {

V[I] = V[I] + R;
CM[I] = op ’s execution mode in cycleI;

}
Removeop from G and U;

} While (U or E has changed);
Cycle = Cycle +1;

}
}

10 Checking for RC Array context code clashes is simple – in each cycle, the RC Array is said to be

executing in a certain mode (this is reflected in vectorCM in the algorithm). If theop’s execution schedule

matches with the RC Array’s execution mode in every cycle starting from current cycle to the (current

cycle + operation’s execution latency) cycle, then there is no conflict. Initially the RC Array’s mode is set

asundefinedin every cycle. A comparison of theop’s context with such anundefinedvalue always results

in “no conflict”.
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Clique Partitioning Algorithms
Clique Partitioning
Inputs:

• A graph,G(V, E)
Outputs:

• Set of partitioned clusters,C.
Constraints:

• Each cluster is a clique
Method:

CliquePartitioning(G){
C = 0;
While (G is not empty) {

K = MAX_CLIQUE(G);
C = C U K;
RemoveK from G;

}
}

Although this algorithm is pretty straightforward, finding the maximum clique11

(MAX_CLIQUE) is known to be an NP-complete problem. The compiler uses a heuristic
to solve the problem, as an optimal solution is not essential.
MAX_CLIQUE_HEURISTIC
Inputs:

• GraphG(V, E)
Outputs:

• CliqueC
Non-strict Constraints:

• C is a (near-) maximum clique.
Method:

Max_Clique_Heuristic(G, V){
C = Vertex,u, with largest out-degree;
Removeu from V;
Remove fromV all vertices that are not adjacent tou;
While (V is not empty) {

N = List of nodes with largest out-degree, and connected
To every node inC;

If (N is empty) {
exit;

}

11 Themaximum cliqueis the biggest fully connected sub-graph in the source graph.
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Select noden from N such that the sum of the weights on the
edges betweenn and every node inC is highest.

Removen from V;
}

}
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ABSTRACT
The Cameron Project has developed a system for compiling codes written in a high-level language
called SA-C, to FPGA-based reconfigurable computing systems. In order to exploit the parallelism
available on the FPGAs, the SA-C compiler performs a large number of optimizations such as full loop
unrolling, loop fusion and strip-mining. However, the area on the FPGA is limited and therefore the
compiler needs to know the effect of compiler optimizations on the FPGA area. In this paper we present
a compile-time area estimation technique to guide the SA-C compiler optimizations. We demonstrate
our technique for a variety of benchmarks written in SA-C. Experimental results show that our
technique achieves an error rate of 2.5 % for small image-processing operators and 5.0 % for larger
benchmarks, as compared to the synthesis/mapping. The estimation time is in the order of 1
millisecond as compared to order of minutes for a synthesis tool.
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1 INTRODUCTION
Even though FPGAs present a computational density advantage over general-purpose processors [1]
for certain applications, the biggest obstacle to the widespread use of FPGA-based reconfigurable
computing lies in the difficulty of programming them. A typical design cycle for programming FPGAs
starts with a behavioral or structural description of the design, using hardware description languages
such as VHDL1 or Verilog. These hardware description languages require the programmer to explicitly
handle the issues of timing and synchronization of the complete design. Most application program
developers are not experts in hardware description languages and are more familiar with the
algorithmic programming paradigm. The goal of the Cameron Project [2, 3] is to bridge the semantic
gap between applications and FPGAs by developing an algorithmic language called SA-C (Single
Assignment C, pronounced sassy), that is suitable for mapping image processing applications onto
reconfigurable systems. The ease of programming in SA-C makes FPGAs and other adaptive computer
systems available to more application programmers.

As shown in Figure 1, the SA-C compiler translates the high-level SA-C code into dataflow graphs,
which can be viewed as abstract hardware circuits without timing information. The SA-C compiler
applies extensive expression, loop and array optimizations at the dataflow graph level before
generating a VHDL hardware description. These compiler optimizations might lead to a different
structural design than what is implied in the SA-C source program. The SA-C DFG to VHDL translator
[2, 4] translates the dataflow graph into VHDL. The VHDL code is then synthesized, placed and routed
using commercial synthesis tools. The SA-C compiler also automatically generates all the necessary
run-time host code to execute the program on the reconfigurable processor.

1 VHDL stands for VHSIC (Very High Speed Integrated Circuits) Hardware Description Language

Figure 1: The Cameron Project
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Starting from the SA-C source program, the resource and timing estimations for a design are available
after the synthesis phase. Moreover, the compiler optimizations have a large potential impact in the
resources used on the FPGA. For example, unrolling a large loop too many times might overflow the
capacity of the FPGA. This means that prior to the synthesis and mapping, the compiler has no idea if
the design can fit on the FPGA or not. Traditionally, the user himself is involved in making sure that the
computation fits onto the FPGA. This might involve several iterations of compile/synthesize/place and
route before the best fit and performance can be achieved. However, the design space can be
exploited more efficiently if area estimations are available before the synthesis phase. In this paper we
introduce a compile-time estimation approach in the SA-C compilation process. Our technique makes
the resource estimations available before the DFG to VHDL translation. The estimation serves as a
feedback to the compiler to aid in further optimizations. Experimental results show that our technique
achieves an error rate of 2.5 % for small image-processing operators and 5.0 % for larger benchmarks,
as compared to the synthesis and mapping. Our estimator takes 5 to 6 orders of magnitude less time to
compute than the commercial synthesis tools.

The rest of the paper presents the motivation in section 2, followed by the details of the SA-C compiler
and the dataflow graphs in section 3. Compile-time estimation approach is presented in section 4.
Experimental results are presented in section 5. References to related work are given in section 6 and
section 7 concludes and describes some future work.

2 MOTIVATION
In a typical design flow targeted for FPGAs, logic synthesis is performed on the behavioral description,
followed by partitioning, placement and routing. Even though this cycle shortens the cycle for mapping
the design on the FPGA under the given constraints, the mapping, placement and routing are very
complex and time-consuming phases. As shown in Figure 2, these phases form the main bottleneck in
the design process. Inability to meet the constraints leads to the modification of the design and
repeating the entire cycle.

In practice, reporting accurate resource usage of the final design is very important. However, when the
design process starts at a much higher level, estimation can play a vital role in guiding the performance
of the final design. Estimations applied at higher levels can obviate the repeated use of time-consuming
phases to examine if the design meets the required constraints or not. This motivates us to look at a
compile-time area estimation approach in the SA-C compilation process. We apply the estimation
technique even before the VHDL description is generated. The estimation serves as a feedback to aid
in compiler optimizations. Section 4 describes this technique in complete detail.
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3 SA-C COMPILER AND DATAFLOW GRAPHS

3.1 Unique Features of SA-C
SA-C is designed specifically to make it easier for the compiler to analyze the SA-C code and extract
both fine-grained and coarse-grained parallelism. SA-C is an expression-oriented, single-assignment
(functional) language, which can be translated into hardware descriptions. The SA-C syntax is closely
related to C; however, there are significant differences as well. The differences are mostly due to its
use as a hardware generation language. Unique features of the SA-C language are as follows:

• It provides a flexible type system, including signed and unsigned integers of any bit-width, as
well as fixed-point numbers.

• True multi-dimensional arrays, with a specific size and shape.
• No pointers and no recursion, designed to prevent programmers from applying Von Neumann

models2 that do not map well onto FPGAs.

2 Von Neumann model is the traditional computer architecture model, which consists of the input unit, output unit, ALU, control unit and the
memory unit.

Figure 2: Typical design flow targeted for FPGAs
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• Loop generators, which are usually used in place of the more traditional “loop index used as an
array subscript” to perform operations on arrays.

• Reduction operators, which perform common operations on the data produced in loop bodies,
such as array sum and histogram. This allows programmer access to efficient VHDL
implementations of these operations.

A simple SA-C program is shown in Figure 3. This program accepts a 2-D array (named Arr ) of 8-bit
unsigned integers (i.e. of type uint8 ) as input. A window generator statement (for window …) extracts
all 3x3 sub arrays from the image-array and sums the elements in each sub-array. A new array (named
r) is formed such that each element is either the sum of the corresponding window or, if the sum is
greater than 100, the sum minus 100. Upon compilation, an intermediate form of the program, called a
dataflow graph (DFG) is produced.

3.2 SA-C Compiler Optimizations
The SA-C complier performs numerous optimizations before generating the DFG. Several traditional
optimizations minimize the calculations required by the hardware; these include code motion, constant
folding, array and constant value propagation and common subexpression elimination. Function inlining
and loop unrolling increase parallelism and often enable other optimizations. Some of these
optimizations (e.g. strip-mining and loop fusion) improve the performance of the design at the cost of
area. Since the resource area is limited, the compiler needs to know the effect of applying optimizations
on the resource usage of the final design.

The optimizations consist of:
• Constant Switch takes a switch graph with a constant key value and replaces the graph with the

case graph corresponding to the key.
• Size Propagation analyzes loops and arrays, propagating extents information through the graph

in order to enable full loop unrolling.
• Array Value Propagation replaces an array reference with its corresponding expression when

possible.
• Constant Folding replaces an operator with a value if the operator’s inputs are constants.
• Identities applies various algebraic identities and other rules. E.g., a * 1 is replaced with a.
• Strength reduction replaces certain operators with simpler equivalents.
• Dead Code Elimination removes code if its values are not used in producing the output results.
• Full Loop Unrolling replaces a loop with multiple explicit loop bodies if the number of loop

iterations is statically known.

uint8[:,:] main (uint8 Arr[:,:]) {
uint8 r[:,:] =

for window W[3,3] in Arr {
uint8 s = array_sum(W);
uint8 v = if(s>100) return (s-100)

else return (s);
} return(array(v));

} return(r);

Figure 3: Example SA-C program
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• Common Subexpression Elimination eliminates redundant nodes if they compute the same
value

• Array Reference Elision replaces two array references, if the first takes a slice and it feeds only
the second, with a single reference.

• Loop Fusion can under certain circumstances, fuse two consecutive loops into one loop.
• Window to Element Gen converts window generators that take single element windows to

element generators.
• Push Array Casts can, under certain conditions, push array casts to the places in which the

array is being referenced.
• Invariant Code motion hoists invariant code out of loop bodies.
• Function inlining replaces a function call with the function body.
• Lookup Tables replaces function calls with references to a lookup table that holds pre-computed

values.
• N-dimensional strip-mining strip-mines a loop by enclosing it in another loop that reads chunks

of data with which to feed the inner loop.

The optimizations, some usual and some specific to SA-C interact each other. A sequence of a subset
of optimizations form cyclic opts, which repeated in a sequence attain stability.

3.3 Dataflow Graphs
SA-C data flow graphs [5] are internal representations used by the SA-C compiler. The SA-C compiler
translates the part of the program targeted to the reconfigurable system to dataflow graphs: a low-level,
non-hierarchical and asynchronous program representation. As shown in
Figure 4, DFGs can also be viewed as abstract hardware circuit diagrams without timing
considerations. The functional elements of dataflow graph are nodes, each characterized by a node
type, one or more input ports and one or more output ports. A dataflow graph node may fire when its
firing rule is met and the act of firing consumes one token from each input, and the value of its output is
the function of only these inputs.

Depending on the node type, the SA-C dataflow node functions can be classified into the following six
categories.

1. Arithmetic: perform common functions such as addition and logical operations
2. Bit: perform shift, sub-word selection and width changing operations
3. Selector: perform choosing one from the number of inputs
4. Generator: take token sequences and use them to specify output tokens
5. Reduction: take token sequences and reduce or store them
6. I/O: handle the interface between the dataflow graph and the outside world

Figure 4: Generic Dataflow graph node
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Most of the SA-C DFG nodes can be implemented as combinational logic, except generator and
reduction nodes, which implemented as sequential processes. These operations require multiple clock
cycles, several state machines and coordination between the generators and the reduction nodes.

3.4 The Abstract Machine
Traditional processors provide a small set of instructions to the user to write applications that can be
executed on the hardware. FPGAs on the other hand consist of an amorphous mass of configurable
cells that can be interconnected in a large number of ways. To limit the number of ways of mapping a
design onto the target FPGA, an abstract machine is defined. The abstract machine shown in

Figure 5 serves as a reasonable target for the compiler during the translation process. The compiler
generates some of these modules at compile-time, while others are hand coded in VHDL.

The DFG to VHDL translator interfaces the appropriate signals between the various modules to build
the complete configuration. The abstract machine describes interaction and the flow of data between
the various modules. All the modules shown in

Figure 5 are mapped onto a single processing element on the FPGA (1PE model). The SA-C dataflow
graph describes the Inner Loop Body (ILB). The memory arbitrator is part of the glue code for the
system and its main role is to do the initialization, scheduling for memory access and handle resource
contention. The memory arbitrator and the other interface modules are not captured by the DFG.

The ILB is purely combinational. The window generator, write data and memory arbitrator modules are
sequential processes. Ideally, the resource usage for sequential circuits is calculated after applying
scheduling, resource allocation algorithms. Since our emphasis is to do quick compile-time estimation,
we only focus on using techniques of lower complexity. We pre-compute the LUT usage of the preset

Figure 5: Abstract Machine (shaded) mapped onto the FPGA
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VHDL modules, because their design does not change for each SA-C program compilation. For all
other modules we apply the estimation technique based on general formulae. Also, since the compiler
optimizations mainly affect the ILB, we estimate the effect such optimizations on the size of the ILB.

Even though the benchmarks considered in this paper are compile for the machine model shown in
Figure 5, the estimation technique can easily be adapted for a variety of machine models, as long as
the SA-C DFG is used as the intermediate representation.

4 ESTIMATION APPROACH

4.1 Compile-time Estimation
The job of the SA-C compiler and synthesis tools is to improve the overall performance of the design in
terms of area and/or timing under the given constraints. In order to exploit the parallelism available on
the FPGAs, the SA-C compiler performs a large number of optimizations. However, the resources on
the FPGA are limited and therefore the compiler needs to know the effect of the compiler optimizations
on the resource usage of the design.

Figure 6: Compile-time Estimation
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As shown in Figure 6, we apply the estimation model at an intermediate format used by the SA-C
compiler and feed the estimation results back to the compiler to aid in further optimizations. Any
modification to the design can be incorporated without performing the synthesis and mapping of the
design. Our focus is to provide quick and relatively accurate resource usage estimation of a SA-C
program, where resources are defined to be number of look-up tables (LUTs). Even a number of
alterations of the design or the source program do not undermine the advantages of using this scheme.
Thus, the SA-C compiler can make full use of the estimation feedback to translate the SA-C source
program into an efficient design that can fit on the FPGA.

4.2 Estimation Methodology
Since the DFG does not contain any low-level structural or timing information, our estimation tool does
not incorporate scheduling, resource allocation and binding algorithms. Our method is to pre-compute a
set of general formulae for all types of DFG nodes and at compile-time, use these formulae to estimate
the resource usage of the SA-C program. The general formula and its coefficients are stored in a data
file called nodeparams. Input to the estimator is the SA-C DFG and the nodeparams file. Using the
information in the nodeparams file, the estimator calculates the resource usage of the dataflow graph.
The complexity of the estimation algorithm is O(n), where n is the number of nodes in the DFG.

Figure 7 shows the steps involved in building the estimation model. Initially, we vary the generic
parameter of each type of DFG node and create the corresponding VHDL instances. In the next step,
we synthesize these VHDL files and record the estimations reported by Synplify 3. The general formula
for each DFG node is obtained by doing a regression analysis4 on the estimation values reported by
the synthesis tool. Simple linear regression as well as nonlinear regression is done using NLREG5 [16],
which can virtually fit any function to a set of data values.

3 Synplify is a widely used logic synthesis tool developed by Synplicity Inc.
4 Regression analysis is a general mathematical technique used to fit a curve to the given data.
5 NLREG is an extremely powerful statistical regression analysis tool developed by Phillip H. Sherrod
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At compile-time, we only execute the estimation program (shaded in Figure 7) to get the estimated area
usage of the corresponding DFG.

4.3 Approximation formulae
The general formulae are categorized as follows. Parameter y gives the estimated LUT usage and is a
function of bit-width (x) and/or num-of-vals (z). C, p0, p1, p2, c0, c1 are the coefficients that are
recorded in the nodeparams file.

• Constant: y = C
These nodes synthesize as signals and provide an interface with the outside world or memory.
They consume a fixed amount of resource on the FPGA.

Figure 7: Steps in building the estimation model
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Table 1: Nodes using constant approximation
Name Inputs Outputs Description
INPUT 1 1 Get a value from the input channel constant specified by I0

OUTPUT 2 0 Take a value from token from I0 and an output channel constant
specified by I1

• Linear: y = p0 + p1 * x
Most of the arithmetic nodes belong to this category. The resource usage is a linear function of the
bit-width (x).

Table 2: Nodes using linear approximation
Name Inputs Description

UADD/IADD 2 Unsigned/signed addition of I0 and I1

USUB/ISUB 2 Unsigned/signed subtraction of I0 and I1

ULT/ILT 2 Unsigned/signed < comparison of I0 and I1

ULE/ILE 2 Unsigned/signed <= comparison of I0 and I1

UGT/IGT 2 Unsigned/signed > comparison of I0 and I1

UGE/IGE 2 Unsigned/signed >= comparison of I0 and I1

UEQ/IEQ 2 Unsigned/signed equality comparison of I0 and I1

UNE/INE 2 Unsigned/signed inequality comparison of I0 and I1

BIT-AND 2 Bit-wise AND of I0 and I1

BIT-OR 2 Bit-wise OR of I0 and I1

BIT-EOR 2 Bit-wise exclusive OR of I0 and I1

DFG nodes shown in Table 2 perform arithmetic and bit-manipulation operations. The arithmetic nodes
implicitly treat their inputs as either signed or unsigned integers. Figure 8 shows the LUT usage of
UADD node.
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• Quadratic: y = p0 + p1 * (x – p2) 2

The resource consumption of the nodes in this category is a quadratic function of the form y=p0 + p1 *
(x – p2) 2 , where x is the bit-width of the node.

As show in Figure 9, multiplication is an expensive operation and consumes more than 1000 LUTs for
operands that are more than 32-bit wide.

Table 3: Nodes using quadratic approximation
Name Inputs Description
UMUL 2 Unsigned multiplication of I0 and I1

IMUL 2 Signed multiplication of I0 and I1
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Figure 8: Linear approximation y = p0 + p1*x, where p0=0 and
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• BiProduct: y = (z-p0) * (x-p1) + p2
The resource usage of nodes in this category depends on the bit-width and the num-of-vals
parameters. The LUT usage is calculated using y = (z-p0) * (x-p1) + p2 , where z and x are the num-of-
vals and the bit-width respectively. Table 4 lists the multi-input arithmetic nodes that use biproduct
approximation. These nodes allow an arbitrary number of input values, each with an associated
Boolean mask value.

Table 4: Nodes using biproduct approximation
Name Inputs Description

ISUM-MANY 2 Sum the unsigned input values; each input pair represents a value and a
Boolean mask; the arithmetic is performed at the output port’s bit width

USUM-MANY 2 Sum the signed input values; each input pair represents a value and a
boolean mask; arithmetic is done at the output port’s bit width
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Figure 9: Quadratic approximation y = p0 + p1* (x – p2) 2, where p0 = =-2.509, p1= .041, p2=-0.125
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Table 5: Biproduct approximation for ISUM-MANY

Table 5 shows the resource usage for the ISUM-MANY node when the number of input values is varied
from 2 to 8 and the bit-width is varied from 2 to 16. Figure 10 shows the family of curves plotted for
biproduct approximation.

• MultiLinear2: y = c0 + (c1 * x/2) (z/2 – 1)
The resource usage of these nodes depends on the two generic parameters bit-width (x) and num-of-
vals (z). Table 6 lists the multi-input logic operator nodes that use multilinear2 approximation. These
nodes allow an arbitrary number of input values, each with an associated Boolean mask value.
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Table 6: Nodes using multilinear2 approximation
Name Inputs Description

AND-MANY var ‘and’ the input values; each input pair represents a value and a boolean
mask

OR-MANY var ‘or’ the input values; each input pair represents a value and a boolean
mask

Table 7: Multilinear2 approximation for AND-MANY

Table 8 shows the LUT usage of AND_MANY node, when the number of inputs is varied from 2, 4 to 8.
Figure 11 shows the LUT usage curves for AND-MANY node.

Num-of-vals ( z) Bit-width ( x) LUTs
2 2 4

2 4 4
2 8 8
2 16 16
4 2 6

4 4 12
4 8 24
4 16 48
8 2 10
8 4 20
8 8 40
8 16 80

LUTs v/s bitwidth

0

10

20

30

40

50

60

70

80

90

2 4 8 16

bit width

LU
T

s

nvals = 2 nvals = 4 nvals = 8

Figure 11: Curves for Multilinear2 Approximation (AND-MANY)
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4.4 Estimation Heuristics
The synthesis process used in commercial synthesis tools is divided into two steps. In the first step, the
synthesis tool identifies all the high level structures and converts them into a technology independent
representation called the netlist. The second phase, known as technology mapping [6] or library binding
makes use of the architecture dependent constraints, resource library and the netlist to map the design
onto the target hardware. Most synthesis tools do timing and resource optimization, wherein they try to
make the design as small (in terms of area) and as fast (in terms of timing) as possible. These tasks
are very complex, because they entail solution of intractable problems. Our approach does not address
the solution to such problems. Our emphasis is to provide quick but relatively accurate estimation of
the resource area and leave the complexity of the mapping to the synthesis phase. However, an
estimator that does not account for the optimized logic would be in a large error with respect to the
synthesis and mapping. Hence, we introduce heuristics in our estimation. Our heuristics are based on
structural patterns, which are patterns that are frequently optimized during synthesis.

In our compile-time estimation algorithm, we check for the existence of structural patterns in the DFG. If
a pattern is found, we apply the estimation heuristics to the pattern, instead of the individual nodes that
form the pattern. This involves one pass over the SA-C dataflow graph and does not increase the
complexity of the algorithm. We present some of these patterns in the following paragraphs.

• Multiplication by constants
When there is a multiplication operation performed in the SA-C source program, the compiler
generates a UMUL node in the corresponding DFG. If the multiplication is by a constant that is
power of 2, then the synthesis tool optimizes it as a shift operation. This implies that the gate level
description for the UMUL node will no longer exist in the netlist. To account for this optimization, we
identify the pattern at the DFG itself and incorporate the optimization by avoiding the estimation of
UMUL node.

• Comparison nodes
Here we are mainly considering the ULT (Integer Less Than) and UGT (Integer Greater Than)
nodes. As shown in Figure 12, the output of an adder is compared to check if it is less than or equal
to 255 (11111111b) and this result is used to select the right value in the SELECTOR node. Such
patterns are easily optimized away during synthesis. The output of the adder is directly fed (most
significant bit) to the multiplexer. To account for this optimization, we identify the pattern at the DFG
itself and incorporate the optimization by avoiding the estimation of ULT node.

Figure 12: Comparison nodes optimized by synthesis
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5 EXPERIMENTAL RESULTS
There are three sets of experiments that we wish to present in this paper. In the first set of experiments
we apply our estimation method on the common image processing (IP) operators supported in SA-C.
The second set of experiments address larger image processing benchmarks. In the third set we will
discuss the impact of SA-C compiler optimizations on the resource usage. All benchmarks used in this
paper are compiled for Annapolis Micro System Inc’s WildStar board [7]. This board uses the Xilinx
Virtex (XCV1000) FPGAs [8, 9], each with 1 million system gates per chip. There are 27648 4-input
LUTs in each FPGA.

We show that our compile-time estimation technique works, because the estimation formulae and
algorithms are low in complexity and the error rate is within acceptable limits for the SA-C compiler.

5.1 Image-processing Operators
Image processing operators [10] are common IP operations supported in SA-C. Table 8 compares our
resource estimations with those obtained after synthesis and mapping.

The average execution time for the estimator is only 1 millisecond. Also, the results are relatively
accurate and serve as a good estimate for the IP operators. Weighted error is as calculated as absolute
error between the sum of all the Synplify estimations and the sum of Cameron estimation.

Table 8: Results for IP operators

Benchmark
Synplify estimation

(# of LUTs)
Cameron estimation

(# of LUTs)
% Error

AddD 1124 1150 2.31
AddM 879 917 4.32
Convolution 1783 1860 4.32
Convolution5 3235 3269 1.05
Convolutionsm 2609 2616 0.27
Dilation 1365 1451 6.30
Erosion 1373 1451 5.68
Gaussianfilter 1117 1125 0.71
Laplacefilter3x3 1198 1247 4.09
Max 821 832 1.34
Maxfilter 1407 1436 2.06
Min 867 832 4.04
Minfilter 1230 1200 2.44
Mp4 1150 1154 0.35
MultiplyM 920 958 4.13
MultiplyD 1171 1182 0.94
Prewitt 1083 1020 5.82
Prewittmag 1815 1792 1.27

Reduce 1013 1016 0.30
Robertsmag 1441 1414 1.87
Sobelmag 1943 1921 1.13
Sqrt 984 944 4.07
SubtractD 1121 1123 0.18
SubtractM 865 901 4.16

Threshold 911 903 0.88
Average Error: 2.56 % Weighted Average Error: 0.86 %
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5.2 Image-processing Benchmarks
Larger benchmarks are written using simple image processing operators. Using two or more simple
routines in a sequence gives a greater opportunity to do SA-C compiler optimizations. Since the inner
loop bodies of the individual routines are transformed and restructured due to the optimizations, the
resource estimation of such larger routines is an interesting task.
• Open is defined as dilation followed by erosion (Close operator is just the reverse). The open

operator is thus a suitable candidate for loop fusion.
• Wavelet is a common image compression algorithm. The version implemented in SA-C is based on

the Cohen-Daubechies-Feauveau wavelet algorithm [11].
• The tridiagonal code solves the matrix equation [A]. [X] = [B]. The basic idea is to use the

tridiagonal matrix A[8,8] and the vector X[8] as input, calculate B and then solve [A].[X] = [B]
iteratively to obtain [X].

Table 9: Benchmark results
Benchmark Synplify estimation

(# of LUTs)
Cameron estimation

(# of LUTs)
% Error

Open 4500 4780 6.22
Close 4500 4780 6.22
Wavelet 2172 2065 4.93
Tridiagonal 7476 7188 3.85

Average Error: 5.30 % Weighted Average Error: 0.88 %

Open is actually the combination of erosion + dilation, but when the two loops are fused, it runs 2 times
faster than the individual routines at the expense of more area. In wavelet and tridiagonal, the loops are
fully unrolled to exploit more parallelism.

Table 10: Comparison of estimation time
Benchmark Synthesis time Cameron estimation time

Open 3.4 mins 1 millisec
Close 3.4 mins 1 millisec
Wavelet 8.3 mins 1 millisec
Tridiagonal 10.0 mins 1 millisec
Average 6.2 mins 1 millisec

As shown in Table 10, the synthesis tool takes 6.2 minutes on an average to do the synthesis and
mapping. Our estimator takes only 1 millisec to do the estimation. Thus, our estimator takes 5 to 6
orders of magnitude less time to compute than the commercial synthesis tools.

5.3 Effect of SA-C Compiler Optimizations

Example 1
In the first example, we examine the effect of strip-mining on the resource usage of the design. We use
the convolution routine shown in Figure 13, which does a 3x3 convolution of an image with kernel. We
do compile-time estimation of this SA-C code for the default case (no strip-mining) and then strip-mine
the loop for windows of sizes [4,3], [5,3], [6,3], [7,3], [8,3] and [20,3] (indicated using a PRAGMA6).

6 PRAGMAs in SA-C source code allow control of individual optimizations
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Table 11: Strip-mining Results

Convolution

Synplify
estimate

(# of LUTs)

Cameron
estimate

(# of LUTs)
% Error

% LUT used on Virtex
XCV1000

No strip-mining 1783 1949 9.3 7.04

Strip-mine(4,3) 2609 2794 7.09 9.43

Strip-mine(5,3) 3458 3516 1.67 12.71

Strip-mine(6,3) 4269 4134 3.16 14.95

Strip-mine(7,3) 5122 4980 2.77 18.01

Strip-mine(8,3) 6709 5686 4.5 20.56

Strip-mine(20,3) 15883 14727 7.2 53.26

Average Error: 5.09 % Weighted Average Error: 5.26 %

Table 11 shows the results of strip-mining the convolution example. Loop strip-mining when followed by
full loop unrolling produces the effect of multidimensional partial loop unrolling. In our example, strip-
mining creates just one loop with lesser iterations than before. This increases the parallelism at the cost
of area. Figure 14 shows the total resource usage of the SA-C routine on the Xilinx XCV1000 FPGA.
The SA-C compiler can make use of this estimation to regulate the size of window used in strip-mining
the inner loop body. If the compiler has already estimated that a different part of the program requires
more than 50 % of the total LUTs, then strip-mining with a (20,3) window is not feasible.

uint20 [:,:] main (uint8 image[:,:], uint8 kernel[:,:])
{
uint20 res[:,:] =

// PRAGMA (strip-mine(4,3))
for window win[3,3] in image
{ uint20 val =

for elem1 in win dot elem2 in kernel
return(sum((uint20)elem1*elem2));

} return(array(val));
} return (res);

Figure 13: Convolution



312

Example 2
In this example we present the effect of both, loop fusion and strip-mining on the prewitt + threshold.
We examine the estimation reported by our tool for three cases: a) independent loops b) loop fusion c)
strip-mine and loop fusion, for the SA-C code shown in Figure 15. When no loop fusion is applied, there
are two loops running on the reconfigurable board, one of them being activated multiple times.
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Figure 14: Total LUT usage for Convolution (Strip-mine results)

// Prewitt
int8 V[3,3] = { {-1, -1, -1}, { 0, 0, 0}, { 1, 1, 1} };
int8 H[3,3] = { {-1, 0, 1}, {-1, 0, 1}, {-1, 0, 1} };

uint8 R[:,:] = for window W[3,3] in Image {
int8 iph, int8 ipv =

for h in H dot w in W dot v in V
return(sum(h*w), sum(v*w));

uint8 mag = sqrt(iph*iph + ipv*ipv);
} return( array(mag) );

// Threshold
uint8 T[:,:] = for pix in R{

uint8 t = pix>127 ?255 : 0;
} return(array(t));

Figure 15: Prewitt and Threshold (two independent loops)
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The performance of many systems is often limited by the time required to move data to the processing
units. The fusion of producer-consumer loops is often helpful, since it reduces traffic and may eliminate
intermediate data structures. Figure 16 shows the two loops after they are unrolled and fused.

Here there is only one loop running on the reconfigurable board and the loop is activated once. Loop
fusion sometimes does redundant computation. If FPGA space is plentiful, then this is not a problem
since the computation is done in parallel. But if space is scarce, then other optimizations have to be
applied to remove the redundancies.

Loop strip-mining when followed by full loop unrolling produces the effect of multidimensional partial
loop unrolling. As shown in Figure 17, strip-mining the loop in Figure 16 wraps the loop inside a new
loop with a 4x3 window generator.

Strip-mining results in just one loop running on the reconfigurable board and with only half the iterations
as before. Thus, new loops are created during optimization and the resource usage is affected
depending on the window size used for strip-mining

// Loops fused
uint8 T[:,:] = for window W[3,3] in Image {

int8 iph = (W[0,2]+W[1,2]+W[2,2]) - (W[0,0]+W[1,0]+W[2,0]);
int8 ipv = (W[2,0]+W[2,1]+W[2,2]) - (W[0,0]+W[0,1]+W[0,2]);

uint8 mag = sqrt(iph*iph + ipv*ipv);
uint8 t = mag>127 ? 255 : 0;

} return( array(t) );

Figure 16: Prewitt + Threshold (loops fused)

// Loop strip-mining
uint8 T[:,:] = for window W[4,3] in Image step(2,1) {

int8 iph1 = (W[0,2]+W[1,2]+W[2,2]) - (W[0,0]+W[1,0]+W[2,0]);
int8 ipv1 = (W[2,0]+W[2,1]+W[2,2]) - (W[0,0]+W[0,1]+W[0,2]);
uint8 mag1 = sqrt(iph1*iph1 + ipv1*ipv1);
uint8 t1 = mag1>127 ? 255 : 0;
int8 iph2 = (W[1,2]+W[2,2]+W[3,2]) - (W[1,0]+W[2,0]+W[3,0]);
int8 ipv2 = (W[3,0]+W[3,1]+W[3,2]) - (W[1,0]+W[1,1]+W[1,2]);
uint8 mag2 = sqrt(iph2*iph2 + ipv2*ipv2);
uint8 t2 = mag2>127 ? 255 : 0;
uint8 t[2,1] = {{t1},{t2}};

} return( tile(t) );

Figure 17: Prewitt and Threshold (loops strip-mined)
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Table 12: Prewitt +Threshold area estimation
Type of Optimization on Prewitt

+Threshold
Estimated LUT

usage
% area on
XCV1000

Independent Loops 1644 1.28
Loops fusion (default) 1063 0.83

Loop fusion + Strip-mine(4,3) 1280 1.00

Table 12 shows the estimation results. When the two loops exist independently, 1644 LUTs are used.
Fusing the 2 loops (1063 LUTs) gives a better performance as well as reduces the LUT usage. If the
compiler decides to strip-mine and fuse the first loop, it would cost 183 LUTs more than the default
case. If the area is limited, then the default optimization is sufficient; else the loop fusion and strip-
mining case gives better performance at the cost of more area. This example is just a small piece of
code that might appear in a larger application (e.g. tridiagonal algorithm) and in such cases compile-
time estimations becomes more crucial. Large SA-C programs might contain hundreds of loops and a
number of combinations of optimizations can be performed on them. Depending on the availability of
area on the target FPGA, the SA-C compiler can make a decision to apply the appropriate
optimizations.

6 PREVIOUS WORK
Kurdahi and Xu [12, 13] have developed a strategy for accurate prediction of quality metrics for FPGA
based designs. Given a netlist description, the tool estimates the area of the design in terms of the
configurable logic blocks. The FPGA timing estimator uses the placement information and the area
approximation to estimate the timing. The average estimation error in delay in this scheme is about 5.3
%, while the worst-case error is 13.2 %. Moreover, the experiment takes 1 to 2 orders of magnitude
less time to compute than the synthesis tools.

The idea of lower bound area estimation from behavioral descriptions for multiplexer-based and bus-
based architectures is explored in [14]. The behavioral description is expressed in the form of dataflow
graph and the total performance and clock period expressed in real time are given as constraints.
Given all this information the tool estimates the lower bounds on the number of functional units of each
type, the number of registers and the number of buses.

A power estimation approach for SRAM-based FPGAs is discussed in [15]. The authors infer that if
finite state machines dominate the structure, then the power estimation approach can be successfully
applied. If the structure has more combinational logic, then algorithm fails.

Our estimations approach concentrates only on the LUT estimation on the Xilinx Virtex FPGA and
targets at a much higher level than the netlist representation. Also, the algorithms used are not as
complex as the ones used in the commercial synthesis tools.

7 CONCLUSION
In this paper we have presented a compile-time area estimation approach for LUT-based FPGAs. The
estimation model is mainly developed to aid the SA-C compiler optimizations that affect the resource
usage of a SA-C program. We have successfully demonstrated our estimation technique on a variety of
individual benchmarks and as a useful tool to aid compiler optimizations. Experimental results show
that our technique achieves an error rate of 2.5 % for small image-processing operators and 5.0 % for
larger benchmarks. The worst-case error is 10.32 %. The estimation time is in the order of 1 millisecond
as compared to 6.2 minutes for a synthesis tool. Thus, our estimator takes 5 to 6 orders of magnitude
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less time to compute than the commercial synthesis tools. Even though our tool is specific for the Xilinx
Virtex (XCV1000) FPGA, it can be easily modified to work for a variety of Xilinx FPGAs.
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ABSTRACT
Adaptive computing has always been a topic of great interest,
providing a means to automatically map an application to
specific hardware. The hardware may be configured to a specific
application, thereby providing optimal performance. However,
the largest benefit is that this configuration may be performed
optimally during program execution. Unfortunately, adaptive
computing is a relatively new area of research, therefore
imposing serious complications when developing applications
for adaptive hardware. This problem limits ACS development to
hardware experts, prohibiting application specialists, such as
image processing experts, from utilizing these systems. This
paper will discuss a development environment that can bring the
world of ACS application development to the IP expert with
minimal hardware knowledge.

1. INTRODUCTION

While significant research has been done trying to utilize
Adaptive Computing Systems (ACS), it has generally been
approached as being a strict hardware problem. The number of
tools to support application development on adaptive systems is
minimal, thereby limiting their acceptance within the technical
community. Until recently, the ability to develop applied
solutions such as image processing applications on these systems
was considered to be impractical, and rarely considered due to
the limited resources available to support the development
process for these systems.

Adaptive computing systems, commonly referred to as re-
configurable systems, are generally made of integrated circuits
called Field Programmable Devices. In particular, Field
Programmable Gate Arrays (FPGAs) have been used extensively
for military and commercial applications. They have been
important particularly in research applications, because they offer
low start-up costs and allow for design changes to be made
easily. Such design changes would not be possible with fixed
hardware systems. The standard FPGA consists of a block of
logic devices spread out over a large mesh of connections to each
element [5]. These logic elements are then surrounded by a
series of I/O devices that connect to the chips interface pins. The
advantage of these systems is that the user now has a chip that is
capable of being programmed to perform the functionality of
choice. The user has the ability to specify which connections are
to be made and what functions are to be performed by each logic
element. One problem is that these FPGAs are programmed via a
series of configuration codes, which is currently done through

hardware descriptive languages such as VHDL [1]. These
languages work well to program control logic for complex logic
devices, but, they become extremely complex when developing
applied applications such as image processing. This means that
an image processing expert would need to become a hardware
expert to take advantage of these re-configurable systems without
a friendlier development environment.

To bring these systems within reach of applications
programmers, the development environment has to handle any
hardware issues. In particular, for image processing applications,
a image processing development environment would is needed.
A major tool for image processing applications today is a visual
programming environment. These visual environments allow
users to construct complex applications via the connection of
basic operations. This level of programming removes any lower
abstraction layers, including machine level programming,
allowing the IP designer to focus on the specific application.
One such development environment is Khoros. While Khoros
provides a visual programming environment, it also provides
CASE (Computer Aided Software Engineering) tools to support
the complete development process.

It should be obvious to the reader that visual programming
environments will not entirely bridge the gap between this
advanced hardware and true image processing applications.
Additional steps must be taken. One such step is the advent of a
new language called SA-C (Single Assignment C). While SA-C
is actually a subset of C and not really a new language, it should
be viewed as a tool to achieve the final goal, that of bringing re-
configurable hardware to the IP developer. SA-C will provide a
means of linking the FPGA hardware to the visual programming
environment provided by Khoros, as will be shown later in this
paper.

At this point, it is important to note why Image Processing has
been chosen as the specific application area. In order to show
this, a short explanation of some image processing issues is in
order. Image processing applications generally operate on large
images, requiring extremely fast throughput. Sometimes, even
real-time throughput is required. Adaptive systems are capable
of achieving this type of performance. In addition, their
architecture is such that a user can extract parallelisms from the
specific application. This allows a user to exploit the inherent
parallelisms present in these windowing-type operations.
Adaptive hardware systems also allow users to optimize
performance by rearranging specific image operators to minimize
data flow. The visual programming environment and
performance monitoring could be used to achieve a reduction in
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data flow and achieve enhanced performance from the
application level, thereby, hiding any hardware details from the
IP expert.

This paper discusses the details of Khoros, the development
adaptive computing environment, SA-C, the language required to
map an application to the FPGA hardware, and the overall design
process to support adaptive computing systems.

2. Khoros Development Environment
Khoros is a complete software integration and development
environment, providing development tools, a visual
programming environment to support execution, as well as
extensive libraries to support image and signal processing. These
development tools support multi-language applications in an
object-oriented fashion, allowing users to organize their
applications into toolboxes. The cross-platform support,
including numerous workstations, embedded platforms, and the
HPC (High Performance Computing) arena, allow users to
migrate their existing applications with minimal effort.

Khoros has been used for a wide variety of applications, ranging
from Automatic Target recognition (ATR) and
hyperspectral/multispectral imaging to medical and biological
imaging. Khoros provides a significant number of utilities to the
programmer, removing several abstraction layers and supporting
many layers of programming. The developer has the option of
programming at whichever level they prefer. An example is the
ability to develop parallel algorithms within Advanced Khoros
with minimal knowledge of MPI (Message Interface passing).
Khoros provides data model support, allowing a user to work
with input as objects, removing all file handling and memory
management from the programming task. It also provides
streaming models that may be used if performance is of a
concern. The significant number of utilities within Advanced
Khoros is only part of the complete development environment.
The execution and development tools provide complete
integration, maintenance and development support. The next
sections discuss what each of the tools brings to the development
process[4].

2.1 CASE Development Tools

The development tools provided within Khoros give the user the
ability to develop, manage, and maintain complex software
applications. The complete development suite consists of tools
called Craftsman, Composer, and Guise.

Craftsman brings maintenance and management functionality to
the software application, providing functions such as object
creation, deletion, re-naming, and attribute modification, to name
a few. Composer provides advanced functions to a specific
software object, allowing users to edit source, generate code,
compile the existing application and modify the GUI (Graphical
User Interface). Guise, which allows the user to create and
modify the applications GUI, provides a graphical representation
of the UIS (User Interface Specification) under development.
These tools are capable of supporting numerous languages and
object types within Advanced Khoros, allowing a user to develop
applications for even new languages, such as SA-C, or any user-
created languages. The developer need only add the source

necessary to provide the needed functionality. The tools will
handle the remaining tasks.

With this environment, the user now has the ability to develop,
maintain, and manage these SA-C algorithms for the FPGA
hardware. The only remaining concern is the method of
execution provided by the visual programming environment.

2.2 Visual Programming Environment

Cantata provides a visual programming environment to the
developer’s applications. This visual environment provides a
user with the ability to interconnect a series of basic routines, or
primitives, which could be used to develop larger and more
complex applications. By providing the visual interface, the
developer has the ability to rearrange an application based on
performance or functionality or even hardware limitations. An
example of Cantata can be found in figure 1.

Figure 1. An sample of a workspace in the visual
programming environment, Cantata, provided within
Advanced Khoros.

In addition to providing a means of visual optimization for
applications, visual programming also abstracts lower
programming levels from a user, allowing applied experts to
develop context specific applications with little or no
programming knowledge. Image processing experts can develop
complex image enhancement and recognition applications
without writing a single line of code.

Additional Benefits to a visual programming environment:

• Abstraction of low-level programming.
• Abstraction of hardware programming
• A means for visual modification and optimization.

Cantata also hides any hardware and execution concerns from the
developer while providing multi-architecture support and
distributed computing capabilities.
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An ATR workspace using SA-C routines is displayed in figure 1.
The execution of these routines is currently on the local-host.
The ability to execute SA-C objects on the FPGA hardware is
still under development. The user will ultimately have the option
of executing these routines locally as well as on the embedded
systems. This capability allows the image processing expert to
utilize existing SA-C library routines within Cantata, develop the
IP application, and execute these routines on the FPGA without
knowledge of the hardware.

Profiling and benchmarking capability will also be added to
Cantata, providing visual performance feedback. This will allow
users to modify the hardware mapping process or to identify any
bottlenecks within the application. Additional information on
this topic can be found in Section 4.

3. SA-C Single Assignment C
Single Assignment C (SA-C), was developed to minimize the
problems associated with the hardware mapping procedure.
While it is true that SA-C is a subset of C, it is important to note
that it has been enhanced to truly support IP applications. The
functionality removed was due to hardware mapping issues. The
next sections discuss why SA-C was created and how it has been
enhanced to support IP applications.

3.1 Language Overview

To help understand why SA-C was created, a list of objectives is
shown below [2]:

• Efficient Expression of IP Constructs.
• Tailored to ACS Platforms.
• Ease of use.

These three objectives, taken together, express the point that SA-
C was developed to bring the IP and Adaptive Computing
communities together.

The ability to support multidimensional arrays is crucial in IP
applications. The ability to access sub-structures within large
images is also important for window-based and template-based
procedures. SA-C addresses both of these issues while
providing a significant number of statistical operations over
multiple regions of the images.

As mentioned earlier, there are a significant number of problems
that occur when mapping software to FPGA hardware. To
eliminate some of these problems, certain features of the C
language were removed from SA-C. For example in SA-C, only
single assignment is allowed, and no pointer or recursion is
supported. In addition, SA-C was developed to support the
notion of Data Flow Graphs (DFG’s), which are used for
hardware mapping.

Finally, SA-C had to be easy to use before any real acceptance
could be realized. Therefore SA-C follows the C syntax. In
addition, it can be called from C and C++, and with the
integration of SA-C into Khoros, a complete development
environment has been created.

It is important to stress that SA-C is not an inferior language. In-
fact, quite the opposite is true. Reassignment, pointers, and
recursion are lost, but true IP support is gained. C provides

minimal support of multiple dimensional arrays by allowing
arrays of arrays requiring a series of mallocs, with no real data
access methods. Users are forced to control dataaccess,
boundary conditions and overlapping. SA-C hides all this from
the user, allowing the user to access images as windows at any
focus within the complete image. Since SA-C controls the data
access methods, it is capable of exploiting parallelisms that may
be present for a specific application.

Finally, C does not provide multiple-bit precision, which SA-C
does. Multiple-bit precision is crucial for optimized FPGA
applications. Multiple-bit precision supports proper resource
allocation by utilizing the necessary hardware to support minimal
bit precision.

3.2 Image Processing Features

As mentioned earlier, image processing applications are
generally window-oriented or template-oriented. Many of the
operations such as convolution and basic filtering are kernel
based. This type of manipulation is data intensive, requiring a
significant number of data retrievals. SA-C handles all of the
data access and allocation, allowing users to manipulate images
using stencils, windows, and slices within an image. This
capability allows for complex routines like convolution to be
implemented with only a few lines of code. Looping constructs
have been enhanced to support specific data acquisition
procedures, significantly reducing the amount of code needed for
data access.

Another important feature required within image processing is
the generation of image statistics. A significant number of
statistical methods have been incorporated within SA-C. Some
of these include scalar reductions like min, max, median, and
mean, as well as advanced measures like histogram statistics.
SA-C supports statistical operations on a complete image, or on
portions or regions within the image. This functionality actually
gives SA-C the appearance of a higher level language, allowing
users to specify operations with mere key words rather than
lengthy function calls or code segments.

4. Complete Development Procedure
The details of some items from the development environment
have been presented, and to some, it may be apparent that the
notion of hardware mapping has not been addressed at this point.
The integration of SA-C and Khoros provide the complete
environment to the standard applications developer. These tools
provide a means of developing complex image processing
applications with SA-C, and executing them locally from within
Cantata. In addition, if pre-compiled versions exist for the FPGA
hardware, the user can execute these rather than the local
versions within Cantata.

The intention is to provide a user with a complete development
system, which means the IP applications should be executable
locally, executable on the FPGAs using pre-compiled versions of
the software, and executable on FPGAs using no pre-compiled
versions. The first two methods of development and execution
are specifically designed for the image processing expert. They
require little or no hardware knowledge. The final step in the
development process is the development of these pre-compiled
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libraries. While hardware knowledge is required for this step, it
is merely from a optimization standpoint rather than a
development standpoint. The complete development process is
be shown in figure 2 shown below[2].

SA-C
DDCF

Data Dependance
Control Flow

DFG
Data Flow Graph

VHDL
Very High Definition

Language

Configuration
Codes

ACS

Verification by tradition
C execution

Compiled Simulation ACS Execution

OBJ

C

OBJ

OBJC

Figure 2. ACS Design Flow Diagram.

The initial branch of the SA-C block is what is achieved by the
integration of SA-C with Khoros. This provides the user with
the ability to execute on a local host. The SA-C source is
compiled to a standard C version, which is compatible with
Khoros, thereby providing portability across multiple platforms.

The remainder of the design process provides optimization and
hardware mapping to the ACS platform. It is believed that the
optimization and mapping can be efficiently done through the
use of Data Flow Graphs (DFGs) and Data Dependence and
Control Flow Graphs (DDCFs).

The DDCF graph provides an efficient means to make
optimizations to the source. Some of these would include loop
fusion, unrolling, and reordering. In addition to optimizations, it
provides an optimized source to the DFG.

The lower branch immediately after the DDCF in figure 2
provides a means of optimizing the SA-C application. The tools
will be modified to support the visual modification of this
DDCF. The optimized code can then be compiled down to the
local hardware or the ACS. This capability is extremely
important in evaluating the performance achieved after
optimization. A visual representation of the performance
measures and benchmarking will also be added to Cantata,
providing additional performance feedback.

The top branch of figure 2 is representative of the complete
development process. The previous two methods mentioned
were developed to bring the adaptive computing systems within
reach and to reduce prototyping and application development
time. This last step is representative of the ground up
development process.

After the DDCF graph, the process flows into the DFG. This
step provides an additional level of optimization from a different
perspective. These are actually a flatter version of the DDCF.
This is the point where machine-specific transformations occur.

It should be apparent that some sort of hardware language would
be required to get to the FPGA level. The design process will
now have several options at this point, the utilization of pre-
compiled VHDL and macros, or the generation of completely
new VHDL source. The latter opinion would add significant
compilation time to the development process but would allow for
efficient VHDL to be generated for the users specialized image
processing applications.

5. SUMMARY

The goal of this project is to provide a complete design
environment for the image processing expert which could be
used to develop applications for adaptive computing systems.
The integration of the SA-C language with Khoros provides such
an environment. Khoros brings the tools needed to develop,
manage and maintain software objects, while providing a means
of execution via a visual programming environment. The SA-C
language provides advanced functionality specifically designed
for image manipulation and image processing applications.
When these are combined with pre-compiled SA-C libraries for a
specific FPGA hardware, IP experts can develop complex IP
applications with no hardware knowledge. The execution of
these applications is supported within Cantata locally or on the
FPGA hardware. This part of the design process will
significantly reduce prototype and development time of IP
applications on the FPGA, as well as making it possible for IP
designers to utilize this advanced hardware.

The development of these SA-C libraries and routines for the
FPGA is accomplished via the DFG and DDCF graphs.
Optimized VHDL is generated from these graphs, which is then
directly mapped to the hardware by using the FPGA vendor-
supplied software. This portion of the development process is
somewhat time consuming, and requires additional compilation
time. However, the time should be reduced due to the generation
of optimized VHDL. Both methods combined, provided a
complete IP development solution while reducing development
time and improving performance of generated applications.
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